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PREFACE. 

The  original  design  of  the  Authors  in  commencing  this  work 
about  twenty  years  ago  has  not  been  carried  out  beyond  the 
production  of  the  first  of  a  series  of  volumes,  in  which  it  was 
intended  that  the  various  branches  of  mathematical  and  experi- 
mental physics  should  be  successively  treated.  The  intention 
of  proceeding  with  the  other  volumes  is  now  definitely  aban- 
doned ;  but  much  new  matter  has  been  added  to  the  first 
volume,  and  it  has  been  divided  into  two  parts,  in  the  second 
edition  now  completed  in  this  second  part.  The  original  first 
volume  contained  many  references  to  the  intended  future 
volumes;  and  these  references  have  been  allowed  to  remain  in 
the  present  completion  of  the  new  edition  of  the  first  volume, 
because  the  plan  of  treatment  followed  depended  on  the 
expectation  of  carrying  out  the  original  design. 

Throughout  the  latter  part  of  the  book  extensive  use  has, 
according  to  Prof  Stokes'  revival  of  this  valuable  notation, 
been  made  of  the  "solidus"  to  replace  the  horizontal  stroke  in 

fractions  ;  for  example  t-  is  printed  ajh.     This  notation  is  (as  is 

illustrated  by  the  spacing  between  these  lines)  advantageous  for 
the  introduction  of  isolated  analytical  expressions  in  the  midst 
of  the  text,  and  its  use  in  printing  complex  fractional  and 
exponential  expressions  permits  the  printer  to  dispense  with 
much  of  the  troublesome  process  known  as  "justification,"  and 
effects  a  considerable  saving  in  space  and  expense. 


VI  PREFACE. 

An  index  to  the  whole  of  the  first  volume  ha«  been  prepared 
by  Mr  Burnside,  and  is  placed  at  the  end. 

A  schedule  is  also  given  below  of  all  the  amendments  and 
additions  (excepting  purely  verbal  changes  and  corrections) 
made  in  the  present  edition  of  the  first  volume. 

Inspection  of  the  schedules  on  pages  xxii.  to  xxv.  will  shew 
that  much  new  matter  has  been  imported  into  the  present 
edition,  both  in  Part  I.  and  Part  II.  These  ailditions  are 
indicated  by  the  word  "  new." 

The  most  important  part  of  the  labour  of  editing  Part  li. 
has  been  borne  by  Mr  G.  H.  Darwin,  and  it  will  be  seen  from 
the  schedule  below  that  he  has  made  valuable  contributions  to 
the  work. 


NOTE  TO   NEW   IMPRESSION,   1012 

A  few  slight  additions  and  corrections  have  been  made  by 
Sir  George  Darwin  and  Prof.  H.  Lamb,  but,  substantially,  the 
work  remains  as  last  passed  by  the  authors.  The  txdditions  can 
be  identified  by  the  initials  attached  in  brackets. 
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438.  Until  we  know  thoroughly  the  nature  of  matter  and  Approxi- 

^         p  1*1  1  •  ••111  mate  tre«V- 

tne  lorces  which  produce  its  motions,  it  will  be  utterly  im-  ment  '^i 

•11  1       •  1  •I  -1  physical 

possible  to  submit  to  mathematical  reasoning  the  exact  con-  questions 
ditions  of  any  physical  question.  It  has  been  long  understood, 
however,  that  approximate  solutions  of  problems  in  the  ordinary 
branches  of  Natural  Philosophy  may  be  obtained  by.  a  species 
of  abstraction,  or  rather  limitation  of  the  data,  such  as  enables 
us  easily  to  solve  the  modified  form  of  the  question,  while  we 
are  well  assured  that  the  circumstances  (so  modified)  affect  the 
result  only  in  a  superficial  manner. 

439.  Take,  for  instance,  the  very  simple  case  of  a  crowbar 
employed  to  move  a  heavy  mass.  The  accurate  mathematical 
investigation  of  the  action  would  involve  the  simultaneous 
treatment  of  the  motions  of  every  part  of  bar,  fulcrum,  and 
mass  raised  ;  but  our  ignorance  of  the  nature  of  matter  and 
molecular  forces,  precludes  any  such  complete  treatment  of  the 
problem. 

It  is  a  result  of  observation  that  the  particles  of  the  bar, 
fulcrum,  and  mass,  separately,  retain  throughout  the  proce.ss 
nearly  the  same  relative  positions.  Hence  the  idea  of  solving, 
VOL.  IL  1 
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Aiiproxi-      instead  of  the  complete  but  iufinitelv  trausceudent    problem, 

njate  treat-  ,  .  .  ,  ,  *i   •    i  i  -i  i        •  i 

ment  of       another,  in  reality  quite  liitierent,  but  which,  while  amply  simple, 

physical  .  ■      n         i 

questions,    obviously  leads  to  practically  the  same  results  so  far  as  con- 
cerns the  equilibrium  and  motions  of  the  bodies  as  a  whole. 

440.  The  new  form  is  given  at  once  by  the  experimental 
result  of  the  trial.  Imagine  the  masses  involved  to  he  perfectly 
Hgid,  that  is,  incapable  of  changiug  form  or  dimensions.  Then 
the  infinite  series  of  forces,  really  actiug,  may  be  left  out  of 
consideration ;  so  that  the  mathematical  inve.stigatiou  deals 
with  a  finite  (and  generally  small)  numi)er  of  forces  instead  of 
a  practically  infinite  number.  Our  wariunt  for  such  a  substi- 
tution is  to  be  establi.shcil  thus. 

441.  The  eftects  of  the  intermolecular  forces  could  be  ex- 
hibited only  in  alterations  of  the  form  or  volume  of  the  masses 
involved.  But  as  these  (practically)  remain  almost  unchanged, 
the  forces  which  produce,  or  tend  to  produce,  them  may  be  left 
out  of  consideration.  Thus  we  are  enabled  to  investigate  the 
action  of  machinery  supposed  to  consist  of  separate  portions 
whose  form  and  dimensions  are  unalterable. 


Further 
u^proximii- 

tlODS. 


442.  If  we  go  a  little  further  into  the  question,  we  find  that 
the  lever  bends,  some  parts  of  it  are  extended  and  otheis  com- 
pressed. This  Avould  lead  us  into  a  very  serious  and  difficult 
inquiry  if  we  had  to  take  account  of  the  whole  circumstances. 
But  (by  experience)  we  find  that  a  sufficiently  accurate  solutioii 
of  this  more  formidable  case  of  the  problem  may  be  obtained 
by  supposing  (what  can  never  be  realized  in  piiictice)  the  mass 
to  be  homogeneous,  and  the  forces  consequent  ou  a  dilatation, 
compression,  or  distoition,  to  be  proportional  in  magnitude,  and 
opposed  in  direction,  to  these  deformations  respectively.  By 
this  further  assumption,  close  approximations  may  be  made  to 
the  vibrations  of  rods,  jilates,  etc.,  as  well  as  to  the  stAtical 
effect  of  springs,  etc. 

443.  We  may  pursue  the  process  further.  Oompression,  in 
general,  produces  heat,  and  extension,  cold.  The  elastic  forces 
of  the  material  are  thus  rendered  .sensibly  different  from  what 
they  would  be  with  the  same  changes  of  bulk  and  shape,  but 
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with  no  change  of  temperature.    By  introducing  such  considera-  PurtinT 
tions,  we  reach,  without  great  difficulty,  what  may  be  called  uons?^™* 
a  third  appioximation  to  the  solutioa  of  the  physical  problem 
considered. 

444.  We  might  next  introduce  the  conduction  of  the  heat, 
so  produced,  from  point  to  point  of  the  solid,  with  its  accom- 
panying modifications  of  elasticity,  and  so  on ;  and  we  might 
then  consider  the  production  of  thermo-electric  cuiTents,  which 
(as  we  shall  see)  are  always  develoj)ed  by  unequal  heating  in 
a  mass  if  it  be  not  perfectly  homogeneous.  Enough,  however, 
has  been  said  to  show,^rs^,  our  utter  ignorance  as  to  the  true 
and  complete  solution  of  any  physical  question  by  the  only 
perfect  method,  that  of  the  consideration  of  the  circumstances 
which  affect  the  motion  of  every  portion,  separately,  of  each 
body  concerned ;  and,  second,  the  practically  sufficient  manner 
in  which  practical  questions  may  be  attacked  by  limiting  their 
generality,  the  limitations  introduced  being  themselves  deduced 
from  experience,  and  being  therefore  Nature's  own  solution  (to 
a  less  or  greater  degree  of  accuracy)  of  the  infinite  additional 
number  of  equations  by  which  we  should  otherwise  have  been 
encumbered. 

445.  To  take  another  case  :  in  the  consideration  of  the  pro- 
pagation of  waves  at  the  surface  of  a  fluid,  it  is  impossible, 
not  only  on  account  of  mathematical  difficulties,  but  on  account 
of  our  ignorance  of  what  matter  is,  and  what  forces  its  particles 
exert  on  each  other,  to  form  the  equations  which  would  give 
us  the  separate  motion  of  each.  Our  first  approximation  to 
a  solution,  and  one  sufficient  for  most  practical  purposes,  is  de- 
rived from  the  consideration  of  the  motion  of  a  homogeneous, 
incompressible,  and  perfectly  plastic  mass ;  a  hypothetical  sub- 
stance which  may  have  no  existence  in  nature. 

446.  Looking  a  little  more  closely,  we  find  that  the  actual 
motion  differs  considerably  from  that  given  by  the  analytical 
solution  of  the  restricted  problem,  and  we  introduce  further 
considerations,  such  as  the  compressibility  of  fluids,  their  inter- 
nal friction,  the  heat  generated  by  the  latter,  and  its  effects  in 
dilating  the  mass,  etc.  etc.     By  such  successive  corrections  we 
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the  work. 
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Kiirtii.r       attain,  at  length,  to  a  mathematical  result  which  (at  all  events 

approxiiim-    .  .  i        •  \  •   i  •         i 

tioiis  in  the  present  state  of  experimental  science)  agrees,  within  the 

limits  of  experimental  error,  with  observation. 

447.  It  would  be  ea.sy  to  give  many  more  instances  sub- 
stantiating what  has  just  been  advanced,  but  it  seems  scarcely 
necessary  to  do  so.  We  may  therefore  at  once  say  that  there 
is  no  question  in  physical  science  which  can  be  completely  and 
accurately  investigated  by  mathematical  reasoning,  but  that 
there  are  different  degrees  of  approximation,  involving  assump- 
tions more  and  more  nearly  coincident  with  observation,  which 
may  be  arrived  at  in  the  solution  of  any  particular  question. 

Object  of  448.      77(6  object  of  the  jyrenent  division  of  this  volume  is  to  deal 

division  of^  With  the  first  and  second  of  these  approxiniations.  In  it  we  shall 
suppose  all  solids  either  rigid,  i.e.,  unchangeable  in  form  and 
volume,  or  elastic  ;  but  in  the  latter  case,  we  shall  assume  the 
l;iw,  connecting  a  compression  or  a  distortion  with  the  force 
which  causes  it,  to  have  a  particular  form  deduced  from  ex|>eri- 
ment.  And  we  shall  in  the  latter  case  neglect  the  thermal  or 
electric  effects  which  compression  or  distortiun  generally  cause. 
We  shall  also  suppose  fluids,  whether  litjuids  or  gases,  to  be 
either  iNCOMruESSiBLE  or  compressible  according  to  certain 
known  laws;  and  we  shall  omit  considerations  of  fluid  friction, 
although  we  admit  the  consideration  of  friction  between  solids. 
Fluids  will  therefore  be  supposed  perfect,  i.e.,  such  that  any  par- 
ticle may  be  moved  amongst  the  others  by  the  slightest  force. 

449.  When  we  come  to  Pn>perties  of  Matter  and  the  various 
forms  of  Energy,  we  shall  give  in  detail,  as  far  as  they  are  yet 
known,  the  modifications  which  further  approximations  have 
introduced  into  the  previous  results. 

Laws  of  450.     The  laws  of  friction  between  solids  were  very  ably  in- 

vestigated by  Coulomb ;  and,  as  we  shall  require  them  in  the 
succeeding  chapters,  we  give  a  brief  summary  of  them  here  ; 
reserving  the  more  careful  scrutiny  of  experimental  results  to 
our  chapter  on  Properties  of  Matter. 

451.  To  produce  and  to  maintain  sliding  of  one  solid  l>ody 
on  another  requires  a  tangential  force  which  depends — (1)  upon 


friction 
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the  nature  of  the  bodies;  (2)  upon  their  poUsh,  or  the  species  and  Laws  of 
quantity  of  lubricant  which  may  have  been  applied  ;  (3)  upon  the 
normal  pressure  between  them,  to  which  it  is  in  general  directly 
proportional.  It  does  not  (except  in  some  extreme  cases  where 
scratching  or  excessive  abrasion  takes  place)  depend  sensibly 
upon  the  area  of  the  surfaces  in  contact.  When  two  bodies  are 
pressed  together  without  being  caused  to  slide  one  on  another, 
the  force  which  prevents  sliding  is  called  Statical  Friction.  It 
is  capable  of  opposing  a  tangential  resistance  to  motion  which 
may  be  of  any  amount  less  than  or  at  most  equal  to  [iR ;  where 
R  is  the  whole  normal  pressure  between  the  bodies ;  and  fi 
(which  depends  mainly  upon  the  nature  of  the  surfaces  in 
contact)  is  what  is  commonly  called  the  coefficient  of  Statical 
Friction.  This  coefficient  varies  greatly  with  the  circumstances, 
being  in  some  cases  as  low  as  0'03,  in  others  as  high  as  0'80. 
Later,  we  shall  give  a  table  of  its  values.  When  the  applied 
forces  are  insufficient  to  produce  motion,  the  whole  amount  of 
statical  friction  is  not  called  into  play ;  its  amount  then  just 
reaches  what  is  sufficient  to  equilibrate  the  other  forces,  and 
its  direction  is  the  opposite  of  that  in  which  their  resultant 
tends  to  produce  motion. 

452.  When  the  statical  friction  has  been  overcome,  and 
sliding  is  produced,  experiment  shows  that  a  force  of  friction 
continues  to  act,  opposing  the  motion;  that  this  force  oi Kinetic 
Friction  is  in  most  cases  considerably  less  than  the  extreme 
force  of  static  friction  which  had  to  be  overcome  before  the 
sliding  commenced  ;  that  it  too  is  sensibly  proportional  to  the 
normal  pressure ;  and  that  it  is  approximately  the  same  what- 
ever be  the  velocity  of  the  sliding. 

453.  In  the  following  Chapters  on  Abstract  Dynamics  we  con-  iie.iectiou 

^  i-  -I  of  merely 

fine  ourselves  mainly  to  the  genei-al  principles,  and  the  fundamen-  <mrious 

•J  o  r  i         '  _         specula- 

tal  formulas  and  equations  of  the  mathematics  of  this  extensive  t»ons. 
subject;  and,  neither  seeking  nor  avoiding  mathematical  exer- 
citation.s,  we  enter  on  special  problems  solely  with  a  view  to  pos- 
sible usefulness  for  physical  science,  whether  in  the  way  of  the 
material  of  experimental  investigation,  or  for  illustrating  physical 
prinoiples,  or  for  aiding  in  speculations  of  Natural  Philosophy. 


CHAPTER   VI. 


STATICS   OF   A   PARTICLE. — ATTRACTION*. 


Objects ot         454      "We  naturally  divide  Statics  into  two  part.s — the  equi- 

thechnpier.  ■'  ... 

librium  of  a  particle,  and  that  of  a  rigid  or  elastic  body  or 
system  of  particles  whether  solid  or  fiuid.  In  a  very  few  sec- 
tions we  shall  dispose  of  the  first  of  the.se  parts,  and  the  rest  of 
this  chapter  will  be  devoted  to  a  digression  on  the  important 
subject  of  Attraction. 

Conditions  455.  Bv  §  2o.T,  forces  acting  at  the  same  point,  or  on  the 
briumofa  same  material  particle,  are  to  be  compounded  by  the  same  laws 
as  velocities.  Hence,  evidently,  the  sum  ot  their  components 
in  any  direction  must  vanish  if  there  is  equilibrium ;  and  there 
is  equilibrium  if  the  sums  of  the  components  in  each  of  three 
lines  not  in  one  plane  arc  each  zero.  And  thence  the  neco.sjyirv 
and  .sufficient  mathematical  equations  of  equilibrium. 

Thus,  for  the  equilibrium  of  a  material  particle,  it  is  necessary, 
and  suffirient,  that  the  (algebraic)  sums  of  the  components  of 
the  aj)plied  forces,  resolved  in  any  three  rectangular  directions, 
should  vanish. 

Kquiii-  If   /'  be  ono  of  the  forces,  I,  m,  n  its  direction-cosines,  we 

linum  of  a  , 

P-irticie.  have 

If  there  be  not  equilibriinn,  suppose  R,  with  direction-cosinea 
A,  ft,  r,  to  be  the  resultant  force.      If  reversed  in  direction,  it 
will,  with  the  other  forces,  pi-odncc  equilibrium.     Hence 
:S./P-\R^O.     ImP-fiR^O,     ^nP-vR  =  0. 
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And  R'  -  {-S,IPY  +  {tmPY  +  (2nP)^  Equiii- 

bnam  of  s 
X  IX  V  particle 

While  ^-^  =  ^— ^,  =  ^^  . 

456.     We  may  take  one  or  two  particular  cases  as  examples 
of  the  general  results  above.     Thus, 

(1)  If  the  particle  rest  on  a  frictionless  curve,  the   com- 
ponent force  along  the  curve  must  vanish. 

If  X,  y,  z  be  the  co-ordinates  of  the  point  of  the  curve  at  which 
the  particle  rests,  we  have  evidently 

/   o?,x-  d,y        dz\ 

\  as         as        as/ 

When  F,  f,  m,  n  are  given  in  terms  of  x,  y,  z,  this,  with  the  tioo 
equations  to  the  curve,  determines  the  position  of  equilibrum. 

(2)  If  the  curve  be  frictional,  the  resultant  force  along  it 
must  be  balanced  by  the  friction. 

If  F  be  the  friction,  the  condition  is 

^  „  / ,  dx         dy        dz\       „     ^ 
\    ds  ds         dsj 

Tliis  gives  the  amount  of  friction  wdiich  will  be  called  into  play ; 
and  equilibrium  will  subsi-st  until,  as  a  limit,  the  friction  is  /x  times 
the  normal  pressure  on  the  curve.     But  the  normal  pressure  is 


SP 


U    clz_     dyV      /    dx  _    dzy      ( i^jv _      ^\'\^ 
{\    ds        ds)       \    ds         ds)       \  ds  ds)  j 


IPil 


Hence,  the  limiting  positions,  between  which  equilibrium  is  pos- 
sible, arc  given  by  the  two  equations  to  the  curve,  combined  with 
/,da:        dy       dz\        ^„j/     dz       di/\2>    /   dx     .dzy-     f ,d>/        dx\^}i     . 

(3)  If  the  particle  rest  on  a  smooth  surface,  the  resultant 
of  the  applied  forces  must  evidently  be  perpendicular  to  the 
surface. 

If  cf){x,  y,  s)  =  0  be  the  equation  of  the  surface,  we  must  there- 
fore have 


dip 

d<t> 

dtp 

dx 

Jlf'' 

dy 

dz 

^7lF  ' 

and  these  three  equations  determine  the  position  of  equilibrium. 
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Equiii-  (4)     If  it  rest  on  a  rough  surface,  friction  will  be  called  into 

nnnin  of  a  ^    '  o  • 

puriicip  play,  resisting  motion  along  the  surface ;  and  there  will  be 
equilibrium  at  any  point  within  a  certain  boundary,  determined 
by  the  condition  that  at  it  the  friction  is  ^  times  the  normal 
pressure  on  the  surface,  while  within  it  the  friction  bears  a  less 
ratio  to  the  normal  pressure.  When  the  only  apjjlied  force  is 
gravity,  we  have  a  very  simple  result,  which  is  often  practically 
useful.  Let  6  be  the  angle  between  the  normal  to  the  surface 
and  the  vertical  at  any  point ;  the  normal  pressure  on  the  sur- 
face is  evidently  T^cos^,  where  W  is  the  weight  of  the  particle; 
and  the  resolved  part  of  the  weight  parallel  to  the  surface, 
wiiich  must  of  course  be  balanced  by  the  friction,  is  TFsin^. 
In  the  limiting  position,  when  sliding  is  just  about  to  com- 
mence, the  greatest  possible  amount  of  statical  friction  is  called 
into  play,  and  we  have 

Wsine  =  fiWcose, 

or  tan  0  =  fi. 

Angle  of      The  value  of  6  thus  found  is  called  the  Angle  of  Repose. 

repose.  ^        •  ' 

Let  <t){x,  y,  s)  =  0  be  the  surface:    P,   with  direction-cosines 
/,  m,  n,  the  resultant  of  the  apjilied  forces.    The  normal  pressure  is 

,  (/d)         dti>        dd} 
„  ftx         lit/        az 


The  resolved  part  nf  P  imnillel  to  the  surface  is 


('"t-^^y-("g-'gy-(',t-"g)' 


m^o'<^)' 


Hence,  for  the  boundary  of  the  portion  of  the  surface  within 
wliich  (xjuilibrium  is  possible,  we  have  the  additional  equation 

/     d<l>        d<py      (   dip     ,rf0\'      [,d<p        ,i<pY       ,/d,f,        dip        d^\* 

Attrsction.  457.  A  most  important  case  of  the  compo.sition  of  forces 
acting  at  one  jx)int  is  furnished  by  the  considenvtion  of  the 
attraction  of  a  body  of  any  form  up<>n  a  material  particle  any- 
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where  situated.  Experiment  has  shown  that  the  attraction  Attraction, 
exerted  by  any  portion  of  matter  upon  another  is  not  modified 
by  the  proximity,  or  even  by  the  interposition,  of  other 
matter ;  and  thus  the  attraction  of  a  body  on  a  particle  is  the 
resultant  of  the  attractions  exerted  by  its  several  parts.  To 
treatises  on  applied  mathematics  we  must  refer  for  the  examina- 
tion of  the  consequences,  often  very  curious,  of  various  laws  of 
attraction;  but,  dealing  with  Natural  Philosophy,  we  confine 
ourselves  mainly,  (and  except  where  we  give  the  mathematics  of 
Laplace's  beautiful  and  instructive  and  physically  important, 
though  unreal,  theory  of  capillary  attraction,)  to  the  law  of  the 
inverse  square  of  the  distance  which  Newton  discovered  for  gra- 
vitation. Tliis,  indeed,  furnishes  us  with  an  ample  supply 
of  most  interesting  as  well  as  useful  results. 

458.     The  law,  which  (as  a  property  of  matter)  is  to  be  care-  Universal 

1    TA-    •    •  f     1  •      rn  •         law  of 

fully  considered  in  the  next  proposed  Division  oi  this  ireatise,  attraction, 
may  be  thus  enunciated. 

Every  particle  of  matter  in  the  universe  attracts  every  other 
particle,  with  a  force  whose  direction  is  that  of  the  line  joining 
the  two,  and  whose  magnitude  is  directly  as  the  product  of  their 
masses,  and  inversely  as  the  square  of  their  distance  from  each 
other. 

Experiment  shows  (as  will  be  seen  further  on)  that  the  same 
law  holds  for  electric  and  magnetic  attractions  under  properly 
defined  conditions. 

459      For  the  special  applications  of  Statical  principles  to  Special  unit 

,     7         .1,    ,  .  ...        ^  of  quantity 

which  we  proceed,  it  will  be  convenient  to  use  a  special  unit  oi  of  matter, 
mass,  or  quantity  of  matter,  and  corresponding  units  for  the 
measurement  of  electricity  and  magnetism. 

Thus  if,  in  accordance  with  the  physical  law  enunciated  in 
§  4.58,  we  take  as  the  expression  for  the  forces  exerted  on  each 
other  by  masses  M  and  m,  at  distance  D, 

Mm 

IF'' 

it  is  obvious  that  our  tmit  force  is  the  mutual  attraction  of  two 
units  of  mass  placed  at  unit  of  distance  from  each  other. 
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Linear, 
surf:ice.  iirul 
volume, 
densitleii. 


Eloctricaiid 
uiaKnetic 
rPckoniriKS 
of  qudntity. 


460.  It  is  convenient  for  many  applications  to  .speak  of  the 
density  of  a  di.stribution  of  matter,  electricity,  etc.,  along  a  line, 
over  a  surface,  or  through  a  volume. 

Here  line-density       =  quantity  of  matter  per  unit  of  lenjjth. 
surface-density  =  ,,  „  „  area, 

volume-density  =  ,,  ,,  „  volume. 

461.  In  applying  the  succeeding  investigations  to  electricity 
or  magnetism,  it  is  only  necessary  to  premise  that  .Vand  m  stand 
for  quantities  of  free  electricity  or  magnetism,  whatever  the.se 
may  be,  and  that  here  the  idea  of  mass  a,s  depending  on  inertia 


Ml 


m 


Positive  and 
nci^ativc 
masses  ad- 
mitted in 
abstract 
theory  of 
lit  traction. 


Uniform 
spherical 
shell.     Af- 
t  motion  on 
internal 
point. 


is  not  necessarily  involved.  The  formula  ^-r— -  will  still  repre- 
sent the  mutual  action,  if  we  take  as  unit  of  imaj;inar\-  electric 
or  magnetic  matter,  such  a  quantity  as  exerts  unit  force  on  an 
e(iual  quantity  at  unit  distance.  Here,  however,  one  or  lx)th 
of  M,  m  may  be  negative ;  and,  as  in  these  applications  like 
kinds  repel  each  other,  the  mutual  action  will  be  attraction 
or  repulsion,  according  as  its  sign  is  negative  or  positive.  With 
these  provisos,  the  following  theory  is  applicable  to  any  of  the 
above-mentioned  classes  of  forces.  We  commence  with  a  few- 
simple  cases  which  can  be  completely  treated  by  means  of  ele- 
mentary geometry, 

462.  If  the  different  points  of  a  spherical  surface  attinct 
equal  I  ij  with  forces  varying  inversely  as  the  squares  of  the  dis- 
tances, a  particle  placed  within  thesuyface  is  not  attracted  in  any 
direction. 

Let  HIKL  be  the  spherical  surface,  and  P  the  particle 
within  it.     Let  two  lines  UK,  IL,  intercepting  very  small  arcs 

i//,  KL,  be  drawn  through  P  \  then, 
on  account  of  the  similar  triangles 
HPI,  KPL,  those  arcs  will  be  propor- 
tional to  the  distances  HP.  LP;  and 
any  small  elements  of  the  spherical 
surface  at  HI  and  KL,  each  bounded 
all  round  by  .straight  lines  passing 
throiigli  P  [and  verj-  nearly  coincid- 
ing with  HK],  will  be  in  the  duplicate  ratio  of  tho.se  lines. 


462.]  STATICS.  11 

Hence  the  forces  exercised  by  the  matter  of  these   elements  i-niform 

•'  .  spherical 

on  the  particle  P  are  equal ;    for  they  are  as  the  quantities  s'^eii.  At- 

■■^        _  ^  '  ''  /■  traction  on 

of  matter  directly,  and  the  squares  of  the  distances,  inversely ;  infernal 
and  these  two  ratios  compounded  give  that  of  equality. 
The  attractions  therefoi'e,  being  equal  and  opposite,  balance  one 
auother  :  and  a  similar  jDroof  shows  that  the  attractions  due  to 
all  parts  of  the  whole  spherical  surface  are  balanced  by  contrary 
attractions.  Hence  the  particle  P  is  not  urged  in  any  direc- 
tion by  these  attractions. 

463.     The  division  of  a  spherical  surface  into  infinitely  small  UiRression 
elements    will    Irequently    occur    in   the    investigations    which  sion  of  sur- 
follow :  and  Newton's  method,  described  in  the  preceding  de-  elements, 
monstration,  in  which  the  division  is  effected  in  such  a  manner 
that  all  the  parts  may  be  taken  together  in  pairs  of  opposite 
elements  with   reference  to   an    internal  20oint ;    besides   other 
methods  deduced  from  it,  suitable  to  the  special  problems  to  be 
examined ;  will  be  repeatedly  employed.     The  present  digres- 
sion, in   which    some  definitions   and    elementarv   geometrical 

'  I/O 

propositions  regarding  this  subject  are  laid  down,  will  simplify 
the  subsequent  demonstrations,  both  by  enabling  us,  through 
the  use  of  convenient  terms,  to  avoid  circumlocution,  and  by 
affording  us  convenient  means  of  reference  for  elementary 
principles,  regarding  Avhich  repeated  explanations  might  other- 
wise be  necessar}^ 


464.     If  a  straight  line  which  constantly  passes  through  a  Expiana- 
fixed  point  be  moved  in  any  manner,  it  is  said  to  describe,  or  definitions 
generate,  a  conical  surface  of  M'hich  the  fixed    point   is  the  cones, 
vertex. 

If  the  generating  line  be  carried  from  a  given  position  con- 
tinuously through  any  series  of  positions,  no  two  of  which 
coincide,  till  it  is  brought  back  to  the  first,  the  entire  line  on 
the  two  sides  of  the  fixed  point  will  generate  a  complete  (^onical 
surface,  consisting  of  two  sheets,  which  are  called  vertical  oi' 
opposite  cones.  Thus  the  elements  HI  and  KL,  described  in 
Newton's  demonstration  given  above,  mav  be  considered  as  beiuof 
cut  from  the  sjiherical  surface  by  two  opposite  cones  having  P 
for  their  common  vertex. 
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Thp solid         465.     If  any  number  of  spheres  be  described  from  the  ver- 
lorfe.  or  of    tex  of  a  cone  as  centre,  the  segments  cut  from  the  concentric 

a  complete  .      . 

'•.u?f^  spherical  surfaces  will  be  similar,  and  their  areas  will  be  as  the 
squares  of  tiie  radii.  The  quotient  obtained  by  dividing  the 
area  of  one  of  these  segments  by  the  square  of  the  radius  of  the 
spherical  surface  from  which  it  is  cut,  is  taken  as  the  measure 
of  the  solid  angle  of  the  cone.  The  segments  of  the  same 
spherical  surfaces  made  by  the  opposite  cone,  are  respectively 
equal  and  similar  to  the  former  (but  "  perverted").  Hence  the 
solid  angles  of  two  vertical  or  opposite  cones  are  equal :  either 
may  be  taken  as  the  solid  angle  of  the  complete  conical  surface, 
of  which  the  opposite  cones  are  the  two  sheets. 

Sum  of  all        466.     Since   the  area  of  a  spherical  surface  is  equal  to  the 
angles'        square  of  its  radius  multiplied  by  47r,  it  follows  that  the  sum  of 
point -4».    the  solid  angles  of  all  the  distinct  cones  which  can  be  described 
with  a  given  point  as  vertex,  is  equal  to  47r. 


467.     The  solid  angles  of  vertical  or  opposite  cones  being 
equal,  we  may  infer  from  what  precedes  that  the  sum  <if  the 


Sum  of  the 
solid  angUs 
of  all  the 

^OTiol^^nr-  solid  angles  of  all  the  complete  conical  surfaces  which  can  be 
aces-2>r.     jgy^jj-j^^gj   without  mutual  intersection,  with  a  given  point  as 


vertex,  is  equal  to  "lir. 


Solid  angle       468.     The  soHd  angle  subtended  at  a  point  by  a  superficial 
at  a'pofiu    area  of  any  kind,  is  the  solid  angle  of  the  cone  generated  by  a 
tt-rainated  Straight  line   passing  through  thtj  point,    and  carried  entirely 
round  the  boundarv  of  the  area. 


Orthogonal 
and  obliqiii' 
ttpctionsof  a 
small  cone. 


469.  A  very  small  cone,  that  is,  a  cone  such  that  any  two 
positions  of  the  generating  line  contain  but  a  very  small  angle, 
is  said  to  be  cut  at  right  angles,  or  orthogonally,  by  a  spherical 
surface  described  from  its  vertex  as  centre,  or  by  any  surface, 
whether  plane  or  curved,  which  touches  the  spherical  surface  at 
the  part  where  the  cone  is  cut  by  it. 

A  very  small  cone  is  said  to  be  cut  obliquely,  when  the  section 
is  inclined  at  any  finite  angle  to  an  orthogonal  section  ;  and  this 
angle  of  inclination  is  called  the  obliquity  of  the  section. 

The  area  of  an  orthogonal  section  of  a  ver\'  small  cone  is  equal 
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to  the  area  of  an  oblique  section  in  the  same  position,  multiplied  Orthoffonai 

1  .  p    ,  1  1-        •  ""^^  oljiique 

by  the  cosme  oi  the  obliquity.  s.etionsofa 

TT  />  1  t'  •  n  11  •  small  cone. 

Hence  the  area  oi  an  obli<|ue  section  oi  a  small  cone  is  equal 
to  the  quotient  obtained  by  dividing  the  product  of  the  square 
of  its  distance  from  the  vertex,  into  the  solid  angle,  by  the 
cosine  of  the  obliquity. 

470.  Let  E  denote  the  area  of  a  very  small  element  of  a  Area  of  stg. 

1        •      1  r>  1  •  T-i    /  1  •  1  ment  cut 

spherical  surface  at  the  point  A   (that  is  to  say,  an    element  from  spher- 
every  part  of  which  is  very  near  the  point  E),  let  (o  denote  by  small 
the  solid  angle  subtended  by  E  at  any  point  P,  and  let  PE. 
produced  if  necessary,  meet  the  surface  again  in  E' :   then,  a 
denoting  the  radius  of  the  spherical  surface,  we  have 

2a .  to  ■  PP 
^~        EE'       • 

For,  the  obliquity  of  the  element  E,  considered  as  a  section 
of  the  cone  of  which  P  is  the  vertex  and 
the  element  E  a  section ;  being  the  angle 
between  the  given  spherical  surface  and 
another  described  from  P  as  centre,  with 
PE  as  radius  ;  is  equal  to  the  angle  be- 
tween the  radii,  EP  and  EG,  of  the  two 
spheres.  Hence,  by  considering  the  iso- 
sceles triangle  EGE\  we  find  that  the  cosine  of  the  obliquity 

,  ^     lEE        ^     EE'         , 
is  equal  to   "^jr  o^'  to  — ^  ,  and  we  arrive  at  the  preceding 

expression  for  E. 

471.  The  attraction  of  a  uniform  spherical  surface  on  an  uniform 
external  point  is  the  same  as  if  the  whole  mass  were  collected  at  l^ii'^li. 

,7  J      *  traction  or. 

the  centre*.  external 

jtoint. 

*  This  theorem,  which  is  more  comprehensive  than  that  of  Newton  in  his 
first  proposition  regarding  attraction  on  an  external  point  ^Prop.  LXXI.),  is 
fully  estabUshed  as  a  corollary  to  a  subsequent  proposition  (Prop.  LXXIII. 
cor.  2).  If  we  had  considered  the  proportion  of  the  forces  exerted  upon  two 
external  points  at  different  distances,  instead  of,  as  in  the  text,  investigating 
the  absolute  force  on  one  point,  and  if  besides  we  had  taken  together  all  the 
pairs  of  elements  which  would  constitute  two  narrow  annular  portions  of  the 
surface,  iu  planes  perpendicular  to  PC,  the  theorem  and  its  demonstration 
would  have  coincided  precisely  with  Prop.  LXXI.  of  the  Principia. 
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Let  P  be  the  external  point,  C  the  centre  of  the  sphere,  and 

CAF  a  straight  line  cutting 
the   spherical    surface   in  A. 
Take  /   in  CP,  so  that  GP, 
CA,  C/may  be  continual  pro- 
portionals, and  let  the  whole 
spherical  surface  be   divided 
into  pairs  of  opposite  elements 
with  reference  to  the  point  I. 
Let  H  and  It'  denote   the  maguitudes  of  a  pair  of  such 
elements,  situated  respectively  at  the  extremities  of  a  chord 
HH';  and  let  to  denote  the  magnitude  of  the  solid  angle  sub- 
tended by  either  of  these  elements  at  the  point  /. 

We  have  (§  469), 


H 


(O 


and  H'  = 


cosC///'    ' —  "       cos  Clf  I' 

Hence,  if  p  denote  the  density  of  the  surface,  the  attractions  of 
the  two  elements  H  and  H'  on  P  are  respectively 

6)       ij£       ,    to  _    nn 

P  cosCHI  ■  ~PH' '  P  cosCH'I '  PH' ' 

Now  the  two  triangles  PCH,  UCI  have  a  common  angle  at  C, 
and,  since  PC  :  CH  : :  CH  :  CI,  the  sides  about  this  angle  are 
proportional.  Hence  the  triangles  are  similar;  so  that  the 
angles  CPH  and  CHF  are  equal,  and 

J/I  _CII 
~  CP 


HP 


a 
CP 


In  the  same  way  it  may  be  proved,  by  considering  the  triangles 
PCH',  H'CI,  that  the  angles  CPH''  ixud  CH'I  are  equal,  and 
that 

HP      CP      CP' 
Hence  the  expressions  for  the  attractions  of  the  elements  H 
and  H'  on  P  become 


(O 


a 


and  p  — 


0) 

cos  CH'I 


(I 
CP" 


^  cos  CHI '  CP' ' 
which  are  equal,  since  the  triangle  HCH'  is  isosceles;  and,  for 
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the  same  reason,  the  angles  CPH,  CPH',  which  have  been 
proved  to  be  respectively  equal  to  the  angles  CHI,  CH'I,  are 
equal.  We  infer  that  the  resultant  of  the  forces  due  to  the 
two  elements  is  in  the  direction  PC,  and  is  equal  to 


Uniform 
spherical 
shell.    At- 
traction on 
external 
IX)int. 


2ft) 


P-JJpi 


To  find  the  total  force  on  P,  we  must  take  the  sura  of  all  the 
forces  along  PC  due  to  the  pairs  of  opposite  elements;  and, 
since  the  multiplier  of  (o  is  the  same  for  each  pair,  we  must 
add  all  the  values  of  co,  and  we  therefore  obtain  (§  467),  for  the 
required  resultant. 

The  numerator  of  this  expression  ;  being  the  product  of  the 
density,  into  the  area  of  the  spherical  surface  ;  is  equal  to  the 
whole  mass  ;  and  therefore  the  force  on  P  is  the  same  as  if  the 
whole  mass  were  collected  at  C. 

Cor.  The  force  on  an  external  point,  infinitely  near  the  surface, 
is  equal  to  47rp,  and  is  in  the  direction  of  a  normal  at  the  point. 
The  force  on  an  internal  point,  however  near  the  surface,  is,  by  a 
preceding  proposition,  nil. 

472.     Let  cr  be  the  area  of  an  infinitely  small  element  of  the 
surface  at  any  point  P,  and  at  any  other 
point  H  of  the  surface  let  a  small  element 
subtending  a  solid  angle  o),  at  P,  be  taken. 
The  area  of  this  element  will  be  equal  to 

co.PH' 

cos  CHP ' 
and   therefore    the    attraction    along   HP, 
which  it  exerts  on  the  element  cr  at  P,  will 
be  equal  to 

/3ft) .  pa 


Attraction 
on  an  ele- 
ment of  the 
surface. 


CO 


or 


cos  CHP'  ^'  cos  CHP  P""' 

Now  the  total  attraction  on  the  element  at  P  is  in  the  direction 
CP ;  the  component  in  this  direction  of  the  attraction  due  to 
the  element  H,  is 


ft) 
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Attraction    iind,  siuce  all  the  cones  corresponding  to  the  different  elemt-nts 
m'fntofthe  of  the  spherical  surface  lie  on   the  same  side  of  the  tangent 

plane  at  P,  we  deduce,  for   the    resultant    attraction    on   the 

element  a, 

27rpV. 

From  the  corollary  to  the  preceding  proposition,  it  follows  that 
this  attraction  is  half  the  force  which  would  be  exerted  on  an 
external  point,  possessing  the  same  quantity  of  matter  as  the 
element  a,  and  placed  infinitely  near  the  surface. 

473.  In  some  of  the  most  important  elementary  problems 
of  the  theory  of  electricity,  spherical  surfaces  with  densities 
varying  inversely  as  the  cubes  of  di.stances  from  eccentric  points 
occur:  and  it  is  of  fundamental  importance  to  find  the  attrac- 
tion of  such  a  shell  on  an  internal  or  external  point.  This  may 
be  done  synthetically  as  follows ;  the  investigation  being,  as  we 
shall  see  below,  virtually  the  same  as  that  of  §  462,  or  ^  471. 

Attraction        474.     Let  US  first  consider  the  case  in  which  the  L'iven  noiut 

f  o  » 

spherical      S  aud  the  attracted  point  P  are  separated  i)y  the  spherical  sur- 

mirfncc  of        .  ,  „  ,  .*.-,. 

which  tht     iaeo.      Ihe  two  figures  repre.sent  tlie  varieties  ot  this  case  m 

density  ,   •    i         i  •  f»   i      •  •    i  i  i  n   •  •    i   •  i 

varies  in-      wlucli.  tlic  poiut  o  beiuff  witliout  the  Sphere.  P  IS  within;  and, 

versely  as  ....  ,.. 

tiiecnbeof  S  being  within,  the  attracted  point  is  external.     The  same  de- 

the  distance  .  .  .  . 

fromajtivcn  monstiation  is  applicable  literally  with  reference  to  the  two 
figures ;  but,  to  avoid  the  consideration  of  negative  quan- 
tities, some  of  the  expressions  m.ay  be  conveniently  modified  to 
suit  the  second  figure.  In  such  instances  the  two  expressions 
are  given  in  a  double  line,  the  upper  being  that  which  is  most 
convenient  for  the  first  figure,  and  the  lower  for  the  second. 

Let  the  radius  of  the  sphere  be  denoted  by  «,  and  let  /  be 
the  distance  of  S  from  C,  the  centre  of  the  spiiere  (not  repre- 
sented in  the  figures). 

Join  (S7-*  and  take  T  in  this  line  (or  iUs  continuation)  .so  that 

(fig.  1)     SP.ST=f*-a\ 
(fig.  2)     SP  .  TS  =  a"  -/\ 

Through  2'  draw  any  line  cutting  the  spherical  surface  at  A',  A  . 
Join  SK,  SK',  and  let  the  lines  so  drawn  cut  the  spherical 
surface  again  in  E,  E' . 


474.] 


STATICS, 


17 


Let  the  whole  spherical  surface  be  divided  into  pairs  of 
opposite  elements  with  reference  to  the  point  T.  Let  K  and 
K'  be  a  pair  of  such  elements  situated  at  the  extremities  of  the 
chord  KK',  and  subtending  the  solid  angle  w  at  the  point  T ; 
and  let  elements  E  and  E'  be  taken  subtending  at  S  the  same 
solid  angles  respectively  as  the  elements  K  and  K'.  By  this 
means  we  may  divide  the  whole  spherical  surface  into  pairs  of 
conjugate  elements,  E,  E',  since  it  is  easily  seen  that  when  we 
have  taken  every  pair  of  elements,  K,  K',  the  whole  surface 


Attraction 
of  a 

spherical 
surface  of 
which  the 
density 
varies  in- 
versely as 
the  cube  of 
the  distance 
from  a  piven 
point. 


will  have  been  exhausted,  without  repetition,  by  the  deduced 
elements,  E,  E' .  Hence  the  attraction  on  P  will  be  the 
final  resultant  of  the  attractions  of  all  the  paii's  of  elements. 
E,E. 

Now  if  p  be  the  surface  density  at  E,  and  if  F  denote  the 
attraction  of  the  element  E  on  P,  we  have 

EF'  ■ 

According  to  the  given  law  of  density  we  shall  have 

X 
P~  SE" 

where  \  is  a  constant.  Again,  since  SEK  is  equally  inchned 
to  the  spherical  surface  at  the  two  points  of  intersection,  we 


have 
and  hence 


j^_SE'    r._SE^    '2aco .  TK' 
SIC^         SIC  ~  KK'     ' 


\      SE'    'laco.TIC 


F  = 


SE'  ■  SK 


KK' 


EP' 


=  X 


2a 


nC' 
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Attraction    Now,  by  Considering  the  great  circle  in  wliich  the  sphere  is  cut 
»i.h.ric»i      by  a  plane  through  the  line  SK,  we  find  that 

surfa<-e  of 

^h"''  '»'«-•  (fig.  1)  SK .  SE  =/*  -  a*, 

v^reely  as  (fig.  2)  KS  .  SE  =  a'  — /*, 

the  cube  i«f  ,  .   ,  .    /.         , 

the  distance  and  hcuce  SK.  SE  =  SP  .  ST,  from  which  we  infer  that  the  tv;- 

from  a  given 

point.  angles  KST,  PSE  are  similar;  so  that  TK  :  .S'A"  ::  PE  :  SP. 

„  2!ft?  1 

Hence 


SK\PE'     SP'' 
and  the  expression  for  F  becomes 


tl). 


KK"  SE.SP' 
Modifying  this  by  preceding  expressions  we  have 


2a  a> 


(fig.l)J^=X.^^.^^,_^,^^^,..SA-. 

<fig.  2)F=\.j^,,  W^l'SP'  •  ^'^- 
Similarly,  if  F'  denote  the  attraction  of  E'  on  P,  we  have 
(fig.  l)F'  =  X  ^^l., .  (^.-^iy^p  .  SK', 


2a  &> 


S. 


i^g.  2)  r  =  X  j^  .-^^^-j,-^.K' 

Now  in  the  triangles  which  have  been  shown  to  be  similar,  the 
angles  TKS,  EPS  are  equal ;  and  the  same  may  be  proved  of 
the  angles  TK'S,  E' PS.  Hence  the  two  sides  SK,  SK  of  the 
triangle  KSK  are  inclined  to  the  third  at  the  same  angles 
as  those  between  the  line  PS  and  directions  PE,  PE'  of  the  two 
forces  on  the  point  P;  and  the  sides  SK,  SK'  are  to  one 
another  as  the  forces,  F,  F',  in  the  directions  PE,  PE'.  It 
follows,  by  "the  triangle  of  forces,"  that  the  resultant  of  /'  and 
F'  is  along  PS,  and  that  it  bears  to  the  component  forces  the 
same  ratios  as  the  side  A'A'  of  the  triangle  Ixars  to  the  other 
two  sides.  Hence  the  resultiiut  force  due  to  the  two  elements 
E  and  E'  on  the  point  P,  is  towards  S,  and  is  equal  to 

2a  b)  „_,  X.2a.o> 

.  AA  ,  or 


KK  •  {/'  ~  a»)  .  SP'  •         '       (/'  -  a")  SP* 
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Tlie  total  resultant  force  will  consequently  be  towards  8 ;  and 
we  find,  by  summation  (§  467)  for  its  magnitude, 

X .  4>7ra 

Hence   we   infer  that  the  resultant  force   at  any  point  P, 
separated  from  S  by  the  spherical  surface,  is  the  same  as  if  a 

quantity  of  matter  equal  to  —^ r^  were  concentrated  at  the 


Attraction 
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surface  of 
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r 


a 


point  S. 


475.  To  find  the  attraction  when  S  and  P  are  either  both 
without  or  both  within  the  sj)lierical  surface. 

Take  in  CS,  or  in  GS  produced  through  S,  a  point  S^,  such 
that  GS.CS^  =  a^ 

Then,  by  a  well-known  geometrical  theorem,  if  E  be  any  point 
on  the  spherical  surface,  we  have 

SE_f 

Hence  we  have 

\   _      XaJ" 
SE'~  f.S^E^- 

Hence,  p  being  the  surface-density  at  E,  we  have 

X. 


if 


^      Xa" 


Hence,   by   the    investigation    in    the    preceding    section,    the 
attraction  on  P  is  towards  S^,  and  is  the  same  as  if  a  quantity 

•2—2 
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^uniciion    ^^.  ^^^^^j^^,j,  g^uj^i  l^J  -•-*—,    were  concentrated  at  that  point; 

spht-rn'al  y  j   ~  ft 

whiciuhe   /  being  taken  to  denote  CS  .     If  for/,  and  X,  we  substitute 

density         "^  '  s  -v     » 

verseiiyas    their  valucs,  —  and  --x^  ,  we  have  the  modified  expression 

the  cube  of  t  t 

the  distance  •' 

from  a  K'ven  d 

l>oi'«t-  \  "7.  ,  47ra 

for  the  quantity  of  matter  which   we  must  conceive  to  be  col- 
lected at  *S\. 

Unii.suiat-       476.     If  a   spherical   surface  be  electrified    in    such  a  way 

mifth^     that  the  electrical  density  varies  inversely  as  the  cube  of  the 

in"eicct?if  distance  from  an  internal  point  S,  or  from  the  corresponding 

^'""''  external  point  /S*,,  it  will  attract  any  external  point,  as  if  its 

whole  electricity  were  concentrated  at  S,  and  any  internal  point, 

as  if  a  quantity  of  electricity  greater  than  its  own  in  the  ratio 

of  a  to/ were  concentrated  at  S^. 

Let  the  density  at  E  be  denoted,  as  before,  by  „  „, .     Then, 

if  we  consider  two  opposite  elements  at  E  and  E' ,  which  sub- 
tend   a   solid    angle   w   at   the    point   S,   the   areas   of    these 

elements  bemg  — „^. —  and  -^^,  -  ,  the  quantity  of  elec- 
tricity which  they  possess  will  be 

X.^a.di  f  1        J^\       X.  ■  2a  ■  o) 
EE'    [JE  "*"  SE'J  "''  SE.SE' ' 

Now  SE.SE'  is  constant  (Euc.  III.  35)  and  its  value  is  a'  - /*. 
Hence,  by  summation,  we  find  for  the  total  quantity  of  elec- 
tricity on  the  spherical  surface 

\ .  -iiTra 

Hence,  if  this  be  ilenoted  by  vi,  the  expressions  in  the  preced- 
ing paragraphs,  for  the  quantities  of  electricity  which  we  must 
suppose  to  be  concentrated  at  the  point  S  or  S^,  according  as  P 
is  without  or  within  the  spherical  surface,  become  resjxjctively 

})i,  and  -.  m. 
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477.  The  direct  analytical  solution  of  such  problems  con- Direct  an»- 
sists  in  the  expression,  by  §  4.55,  of  the  three  components  of  cuiationof 
the  whole  attraction  as  the  sums  of  its  separate  parts  due  to  the 
several  particles  of  the  attracting  body ;  the  transformation,  by 
the  usual  methods,  of  these  suras  into  definite  integrals ;  and  the 
evaluation  of  the  latter.  This  is,  in  general,  inferior  in  elegance 
and  simplicity  to  the  less  direct  mode  of  solution  depending 
upon  the  determination  of  the  potential  energy  of  the  attracted 
particle  with  reference  to  the  forces  exerted  upon  it  by  the 
attracting  body,  a  method  which  we  shall  presently  develop 
with  peculiar  care,  as  being  of  incalculable  value  in  the  theories 
of  Electricity  and  Magnetism  as  well  as  in  that  of  Gravitation. 
But  before  we  proceed  to  it,  we  give  some  instances  of  the 
direct  method,  beginning  with  the  case  of  a  spherical  shell. 

(a)     Let  P  be  the  attracted  point,  0  the  centre  of  the  shell.  Uniform 
Let  any  plane  perpendicular  to  OP  cut  it  in  N,  and  the  sphere  shell. 
in  the  small  circle  QP. 
Let   QOP  =  0,    OQ  =  a,  ^^        ^^ 

OP  =  B.  Then  as  the 
whole  attraction  is  evi- 
dently along  PO,  we 
may  at  once  resolve 
the  parts  of  it  in  that 
direction.  The  circular 
band  corresponding  to 
6,  6  •\-dd  has  for  area 

27ra^  sin  6d6.    Hence  if  J/ be  the  mass  of  the  shell,  the  component 
attraction  of  the  band  on  P,  along  PO,  is 

M  PN 

-  sin  BdQ  .  -5-^3  ;  and  PQ"  =  a' +  D' -  2aD  cos  6. 

Hence  if  PQ  =  x,         xdx  =  aD  sin  6d6. 

x'-a'+D' 


Also 


PN=D-acose  = 


2D 


hence  the  attraction  of  the  band  is 


iD'- 


(taf 
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Uniform  This  divides  itself,  on  integration,  into  two  cases, 

shell.  (1)     P  external,  i.e.,  D  >  a.     Here  the  limits  of  as  are  D-a 

D+a      ^/ 

D-a 


X  _  D*  -  a* 
a         ax 


Z>" 


.      .     M 

and  D  +  a,  and  the  attraction  is  -^ 

before. 

(2)     P  internal,  i.e.,  D  <a.     Here  the  limits  ai-e  a  -  D  and 

M    Vx     a*  -  Z>*"1<»+-^ 

a+  D,  and  the  attraction  is  — p^     -  + =  0. 

Air  |_rt         ax    ja-D 

Uniform  (b)     A  uscful  case  is  that  of  the  attraction  of  a  circular  plate 

disc,  on  of  uniform  surface  density  on  a  point  in  a  line  through  its  centre, 

ftTaxis! '"  and  perpendicular  to  its  plane. 

If  a  he  the  radius  of  the  plate,  h  the  distance  of  the  point  from 
it,  and  J/  its  mass,  the  attraction  (which  is  evidently  in  a  direc- 
tion perpendicular  to  the  plate)  is  easily  seen  to  be 

J/  p    ■2hr(lr    _  2^  L  _        /t       { 
If  p  denote  the  surface  density  of  the  plate,  this  becomes 

which,  for  au  infinite  plate,  becomes 

2irp. 

From  the  preceding  formula  many  useful  results  may  ea.sily 
be  deduced  :  thus, 

Orlinder  on  i*^)     ''^  uniform  cylinder  of  length  I,  and  diameter  a,  attracts 

p:M-ticle  in  ,^  point  in  its  axis  at  a  distance  x  from  the  neai*©st  end  with  a 

foi-ce 

iTf,  f'"^'  (\  -    ,    ^'       \  d/i  =  2irp{l-  J(x  +  l)*  +  a*  +  JPT^'}. 
.'.r       \        Jh*  +  a"/ 

When  tho  cylinder  is  of  infinite  length  (in  one  direction)  the 
.attraction  i.s  therefore 

2irp  {J.V*  +  a'-x)', 

and,  when  the  attracted  particle  is  in  contact  with  the  centre  of 
the  end  of  the  infinite  cylinder,  this  is 

^irpa. 
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(d)  A   right  cone,   of  semivertical   angle   a,   and    length  I,  iiigiit  cons 

.   ,  .  -r-r  1  .  /•       J.1,      on  narticlrt 

attracts  a  particle  at  its  vertex.     Here  we  have  at  once  tor  the  at  vertex, 
attraction,  the  expressimi 

2iTpl  (1  -cos  a), 

which  is  simply  proportional  to  the  length  of  the  axis. 

It  is  of  coui-se  easy,  when  required,  to  find  the  necessarily  less 
simple  expression  for  the  attraction  on  any  point  of  the  axis, 

(e)  For  magnetic  and  electro-magnetic  applications  a  very  Positive 
useful  case  is  that  of  two  equal  discs,  each  perpendicular  to  the  negative 
line  joining  their  centres,  on  any  point  in  that  line — their  masses 

(§  461)  being  of  opposite  sign — that  is,  one  repelling  and  the 
other  attracting. 

Let  a  be  the  radius,  p  the  mass  of  a  superficial  unit,  of  either, 
c  their  distance,  x  the  distance  of  the  attracted  point  from  the 
nearest  disc.     The  whole  action  is  evidently 


(       x+c  ^       I 

'^''^  \j{x  +  cy+a' "  Jc?Ta,'} 


In  the  particular  case  when  c  is  diminished  without  limit,  this 
becomes 


2irpc 


a' 


478.  Let  P  and  P'  be  two  points  infinitely  near  one  another  Variation  or 
on  two  sides  of  a  surface  over  which  matter  is  distributed ;  and  crossing  an 
let  p  be  the  density  of  this  distribution  on  the  surface  in  the  surface, 
neighbourhood  of  these  points.  Then  Avhatever  be  the  resultant 
attraction,  R,  at  P,  due  to  all  the  attracting  matter,  whether 
lodging  on  this  surface,  or  elsewhere,  the  resultant  force,  R',  on 
P  is  the  resultant  of  a  force  equal  and  parallel  to  R,  and  a 
force  equal  to  47rp,  in  the  direction  from  P'  perpendicularly 
towards  the  surface.  For,  suppose  PP'  to  be  perpendicular  to 
the  surface,  which  will  not  limit  the  generality  of  the  pro- 
position, and  consider  a  circular  disc,  of  the  surface,  having  its 
centre  in  PP',  and  radius  infinitely  small  in  comparison  with 
the  radii  of  curvature  of  the  surface  but  infinitely  great  in  com- 
parison with  PP'.  This  disc  will  [§  477,  (6)]  attract  P  and  F 
with  forces,  each  equal  to  27rp  and  opposite  to  one  another  in 
the  line  PP'.  Whence  the  proposition.  It  is  one  of  much  im- 
portance in  the  theory  of  electricity. 
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(«)     As  a  further  example  of  the  direct  analytical  proceaa,  let 

us  find  the  components  of  the 
attraction  exerted  by  a  uni- 
form hertiisp/i^re  on  ii  particle 
at  its  edge.  I^t  A  be  the 
particle,  AB  a  diameter  of 
the  base,  AC  the  tangent  to 
the  base  at  A  ;  and  .1 D  per- 
pendicular to  AC,  and  AB. 
r>et  /iQA  be  a  section  by  a 

plane  passing  through  AC ;  AQ  any  radius-vector  of  this  section  ; 

F  a  point  in  AQ.    Let  AP  =  r,  CAQ  =  6,  RAB  =  4>.    The  volume 

of  an  element  at  F  is 

rdd  .  r  sin  6d<f> .  dr  =  r'  sin  6d<f>d6dr. 

The  resultant  attraction  on  unit  of  matter  at  A  has  zero  com- 
ponent along  AC.     Along  AB  the  component  is 

pjjj  sin  6d<f>d6dr  cos  <^  sin  ^, 

between  proper  limits.     The  limits  of  r  are  0  and  2a  sin  6  co.s  <f>, 

those  of  (f>  are  0  and  - ,   and  those  of  6  are  0  and  tt.      Hence, 

Attraction  along  AB=  §7rpo. 

Along  AD  the  component  is 


Alt*- ration 
of  latitude; 
by  hemi- 
spherical 
hilt  or 
cnvity. 


'o       .'O   .'0 


ia  sin  6  cos  <fr 


sin  6d6d(f)dr  sin  (ft  sin  6  =  ^p(i. 


(b)  Hence  at  the  southern  ba.se  of  a  hemispheriail  hill  of 
radius  a  and  density  p,  the  true  latitude  (as  measured  by  the 
aid  of  the  jdumb-liiie,  or  by  reileetion  of  starlight  in  a  trough  of 
mercury)  is  diuiinishel  by  the  attraction  of  the  mountain  by  the 
angle 

where  G  is  the  attraction  of  the  earth,  estimated  in  the  same 
units.  Hence,  if  B  bo  the  radius  and  a  the  mean  density  of  the 
earth,  the  angle  is 

-: — ^n      . —  ,  or  1  ^  approximately. 
j7r<T/i  —  jprt  -  an 
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Hence  the  latitudes  of  stations  at  the  base  of  the  hill,  north  and  ;\'*,^'j'^g 

south  of  it,  differ  by  ^,  (  2  +  -    ;  instead  of  by  -^  ,  as  they  would  ^t)hfri«il 

K\(tJ  Jx  hill  or 

cavity, 
do  if  the  hill  were  removed. 

In  the  same  way  the  latitude  of  a  place  at  the  southern  edge 

of  a  hemispherical  cavity  is  increased  on  account  of  the  cavity 

by  4  ^  where  p  is  the  density  of  the  superficial  strata, 
cr/t 

(c)  For  mutual  attraction  between  two  segments  of  a  homo- 
geneous solid  sphere,  investigated  indirectly  on  a  hydrostatic 
principle,  see  §  753  below. 

479.  As  a  curious  additional  example  of  the  class  of  ques-  ^y  crevasse, 
tious  considered  in  §  478  (a)  (6),  a  deep  crevasse,  extending  east 

and  west,  increases  the  latitude  of  places  at  its  southern  edge 

by  (approximately)  the  angle  f  -^  where  p  is  the  density  of 

the  crust  of  the  earth,  and  a  is  the  width  of  the  crevasse.  Thus 
the  north  edsfe  of  the  crevasse  will  have  a  loicer  latitude  than 

the  south  edge  if  |->1,  which  might  be  the  case,  as  there 

are  rocks  of  density  f  x  5'o  or  3  67  times  that  of  water.  At  a 
considerable  depth  in  the  crevasse,  this  change  of  latitudes  is 
nearly  doubled,  and  then  the  southern  side  has  the  greater 
latitude  if  the  density  of  the  crust  be  not  less  than  1*83  times 
that  of  water.  The  reader  may  exercise  himself  by  drawing 
lines  of  equal  latitude  in  the  neighbourhood  of  the  crevasse  in 
this  case  :  and  by  drawing  meridians  for  the  corresponding  case 
of  a  crevasse  running  north  and  south. 

480.  It  is  interestinof,  and  will  be  useful  later,  to  consider  Attraction 

°  .     of  a  sphere 

as  a  particular  case,  the  attraction  of  a  sphere  whose  mass  is  composed  of 

^  '  _    "^  _  concentric 

composed  of  concentric  layers,  each  of  uniform  density.  s'leiis  of 

Let  R  be  the  radius,  r  that  of  any  layer,  p^  F (r)  its  density,  density. 
Then,  if  o-  be  the  mean  density, 


iTTO-iJ' 


=  i-TT  f     pr'dr, 
Jo 


from  which  a  may  be  found. 

The  surface  attraction  is  ^ttctR,  =  G,  suppose. 

.    47r  /■'■ 
At  a  distance  r  from  the  centre  the  attraction  is  — ;  I    pr-dr. 

r-  fo 
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AttractiMi 
of  a  Mphera 
iiimiK)Sf'i'  of 
concfntric 
dhells  of 
unifonii 
density. 


If  it  is  to  be  the  same  for  all  points  inside  the  sphere 


/. 


r  G 

pt*dr  =  -—  r*. 


1      G 


Hence  p  =  F  {r)  =^  .  —  is  the  reqiuKite  law  of  density. 

If  the  density  of  the  upper  crust  be  t,  the  attraction  at  a 
depth  h,  small  compared  with  the  radius,  is 

^ira^{R-h)  =  G^, 

where  o",  is  the  mean  density  of  nucleus  when  a  shell  of  thick- 
ness h  is  removed  from  the  sphere.     Also,  evidently, 

*7r(ri  {R  -  hf  +  47rT  (/?  -  hyh  =  *  iTaR\ 

or  (?,  {R  -  hy  +  \irr{R-  hyh  =  GR\ 

2/t> 


whence 


G^^G 


(-^')- 
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Attraction 
of  aim  i  form 
cirrulnr  arc, 


The  attraction  is  therefore  unaltered  at  a  depth  h  if 

_  =  *,r<r  =  27rr. 

481.     Some  other  simple  cases  may  be  added  here,  as  their 
results  will  be  of  use  to  us  subsequently. 

(a)     The  attraction  of  a  circular  arc,  AB,  of  uniform  density, 

on  a  particle  at   the  centre,  C,  of  the 

circle,    lies    evidently    in    the    line   CD 

bisecting   the   arc.      Also   the  resolved 

part   parallel   to    CD  of   the  attraction 

of  an  element  at  /*  is 

mass  of  element  at  P  <  ^ 
CS* cos.PCZ). 

Now  suppose  the  density  of  the  chord  AB 

to  be  the  same  as  that  of  t'lie  arc.     Then 

< 
for  (mass   of  element  at  P  x  oos  PCD) 

we  may  put  mass  of  projection  of  element 

on  ^^  at  ^;  since,  if  PT  be  the  tangent  at  P,  PTQ  =  PCD. 

.        ,         ^  r>     Sum  of  projected  elements 
Hence  attraction  along  C  x>  = j^j^ 

pAB 
~  CD*' 
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if  p  be  the  density  of  the  given  arc, 

2p.sin^§Z) 
CD 
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Attraction 
of  a  uniforui 
circular  arc, 


It  is  therefore  the  same  as  the  attraction  of  a  mass  equal  to  the 
chord,  with  the  arc's  density,  concentrated  at  the  point  D. 

(b)  Again  a  limited  straiglit  line  of  uniform  density  attracts  straight 
any  external  point  in  the  same  direction  and  with  the  same 
force  as   the   corre-  (* 
sponding    arc    of  a 
circle   of   the   same 

density,    which   has  ^ 

the  point  for  cen- 
tre, and  touches  the 
straight  line. 

For   if    CpP    be         A  P  B  D 

drawn  cutting  the  circle  in  p  and  the  line  in  P ',  Element  at 

CP 
p  :  element  at  P  ::  Cp  :  CP  -^jz  >  ^^^^  ^'  ^^  ^P'  '•  ^^^'    Hence 

the  attractions  of  these  elements  on  C  are  equal  and  in  the  same 
line.  Thus  the  arc  ah  attracts  C  as  the  line  AB  does;  and,  by 
the  last  proposition,  the  attraction  oi  AB  bisects  the  angle  ACB, 
and  is  equal  to 

^  sin  UCB. 

(c)  This  may 
be  put  into  other 
useful  forms  — 
thus,  let  GKF 
bisect  the  angle 
ACB,  and  let 
Aa,  Bb,  EF,  be 
drawn  perpen  - 
dicular  to  CF 
from  the  ends 
and  middle  point 
of     AB.         We 


<        KB  < 

have  sin  KCB  =  ^  sin  OKD  = 


AB      CD 
AC+GBCK' 


28 


ABSTRACT    DYXAMirs. 


[481. 


Altrnrtion 
of  a  uniform 
•treifrht 
line. 


Potential. 


Hence  the  attraction,  which  is  along  CK,  is 
•IpAJi  pAB 


8  {A(J  ^  CB)  UiTTUF  -  A  ff) 


CF.      (1) 


{AC  +  CB)CK 

For,  evidently, 

bK  :  Art  ::  BK  :  KA   ::  BC  :  CA   ::  hC  :  Ca, 

i.e.,  ah  is  divided,  externally  in  C,  and  internally  in  A',  in  the 
same  ratio.     Hence,  by  geometry, 


KC .CF=aC .Ch  =  \  {A C  +  CB' -  AB"), 

which  gives  the  transformation  in  (1). 

{d)  CF  is  obviously  the  tangent  at  C  to  a  hyperbola,  passing 
through  that  point,  and  having  A  and  B  as  focL  Hence,  if  in 
any  plane  through  AB  any  hyperbola  be  described,  with  foci  -1 
and  B,  it  will  be  a  line  of  force  as  regards  the  attraction  of  the 
line  AB ;  that  is,  as  will  be  more  fully  explained  later,  a  curve 
which  at  every  point  indicates  the  direction  of  attraction. 

(e)  Similarly,  if  a  prolate  spheroid  be  described  with  foci  A 
and  B,  and  passing  through  C,  CF  will  evidently  be  the  normal 
at  C ;  thus  the  force  on  a  particle  at  C  will  be  j.i-rpendicular  to 
the  spheroid;  and  the  particle  would  evidently  rest  in  equilibrium 
on  the  surface,  even  if  it  were  smooth.  This  is  an  instance  of 
(what  we  shall  j)resently  develop  at  some  length)  a  surface  of 
equilibrium,  a  level  surface,  or  an  equipotential  surface. 

U)  ^^^  ™*y  further  jirovf,  by  a  simple  application  of  the 
preceding  theorem,  that  the  lines  of  force  due  to  the  attraction 
of  two  infinitely  long  rods  in  the  line  AB  produced,  one  of  which 
is  attractive  and  the  other  repulsive,  are  the  series  of  ellipses 
described  from  the  extremities,  A  and  B,  as  foci,  while  the 
surfaces  of  equilibrium  are  generated  by  the  revolution  of  the 
con  focal  hyperbolas. 

482.  As  of  immense  importance,  in  the  theory  not  only  of 
gravitation  but  of  electricity,  of  magnetism,  of  fluid  motion,  of 
the  conduction  of  heat,  etc.,  we  give  here  an  investigation  of  the 
most  important  properties  of  the  Potential. 

483.  This  function  was  introduced  for  gravitation  by  Laplace, 
but  the  name  was  first  given  to  it  by  Green,  who  may  almost 
be  said  to  have  in  1828  created  the  theorv,  as  we  now  have  it. 


483.]  STATICS.  29 

Green's  work  was  neglected  till  184C,and  before  that  time  most  Potential 
of  its  important  theorems  had   been  re-discovered  by  Gauss, 
Chasles,  Sturm,  and  Tliomson. 

In  §  27:3,  the  potential  energy  of  a  conservative  system  in  any 
confio-uration  was  defined.  When  the  forces  concerned  are 
forces  acting,  either  really  or  apparently,  at  a  distance,  as 
attraction  of  gravitation,  or  attractions  or  repulsions  of  electric 
or  magnetic  origin,  it  is  in  general  most  convenient  to  choose, 
for  the  zero  configuration,  infinite  distance  between  the  bodies 
concerned.     We  have  thus  the  following  definition  : — 

484.  The  mutual  potential  energy  of  two  bodies  in  any 
relative  position  is  the  amount  of  work  obtainable  from  their 
mutual  repulsion,  by  allowing  them  to  separate  to  an  infinite 
distance  asunder.  When  the  bodies  attract  mutually,  as  for 
instance  when  no  other  force  than  gravitation  is  operative,  their 
mutual  potential  energy,  according  to  the  convention  for  zero 
now  adopted,  is  negative,  or  (§  547  below)  their  exhaustion  of 
potential  energy  is  positive. 

485.  The  Potential  at  any  point,  due  to  any  attracting  or 
repelling  body,  or  distribution  of  matter,  is  the  mutual  potential 
energy  between  it  and  a  unit  of  matter  placed  at  that  point. 
But  in  the  case  of  gravitation,  to  avoid  defining  the  potential 
as  a  negative  quantity,  it  is  convenient  to  change  the  sign. 
Tlius  the  gravitation  potential,  at  any  point,  due  to  any  mass, 
is  the  quantity  of  work  required  to  remove  a  unit  of  matter 
from  that  point  to  an  infinite  distance. 

486.  Hence  if  V  be  the  potential  at  any  point  P,  and  V^ 
that  at  a  proximate  point  Q,  it  evidently  follows  from  the  above 
definition  that  V—  ]\  is  the  work  required  to  remove  an  inde- 
pendent unit  of  matter  from  P  to  Q ;  and  it  is  useful  to  note 
that  this  is  altogether  independent  of  the  form  of  the  path 
chosen  between  these  two  points,  as  it  gives  us  a  preliminary 
idea  of  the  power  we  acquire  by  the  introduction  of  this  mode 
of  representation. 

Suppose  Q  to  be  so  near  to  P  that  the  attractive  forces 
exerted  on  unit  of  matter  at  these  points,  and  therefore  at  any 
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Potential,  point  in  the  line  PQ,  may  be  assumed  to  be  equal  and  parallel. 
Then  if  F  represent  the  resolved  part  of  this  force  along  PQ, 
F.PQ  is  the  work  required  to  transfer  unit  of  matter  from  P 
to  Q.     Hence 

V-\\  =  F.PQ, 
Force  in      that  is,  the  attraction  on  unit  of  matter  at  P  in  any  direction 

terms  of  the    j-.^    .,  ..i-ii  •,  i-,- 

fKiteiitiai.  r(^,  is  the  rate  at  which  the  potential  at  P  increases  per  unit 
of  length  of  PQ. 

Equipoten.  487.  A  surface,  at  every  point  of  which  the  potential  has  the 
surace.  gg^jjjg  value,  and  which  is  therefore  called  an  Equipotential  Sur- 
face, is  such  that  the  attraction  is  everywhere  in  the  direction 
of  its  normal.  For  in  no  direction  along  the  surface  docs  the 
potential  change  in  value,  and  therefore  there  is  no  force  in 
any  such  direction.  Hence  if  the  attracted  particle  be  placed 
on  such  a  surface  (supposed  smooth  and  rigid),  it  will  rest  in 
any  position,  and  the  surface  is  therefore  sometimes  called  a 
Surface  of  Equilibrium.  "We  shall  see  later,  that  the  force 
on  a  particle  of  a  liquid  at  the  free  surface  is  always  in  the 
direction  of  the  noniial,  hence  the  term  Level  Surface,  which 
is  often  used  for  the  other  terms  above. 

i^eii.tiye  ill-  488.  If  a  series  of  equipotential  surfaces  be  constructed  for 
force  at*  °  valut'S  of  the  potential  increasing  by  equal  small  amounts,  it  is 
points  of  evident  from  §  48G  that  the  attraction  at  any  point  is  inversely 
p("teMt'iui  proportional  to  the  normal  distance  between  two  successive 
surfaces  close  to  that  point ;  since  the  numerator  of  the  ex- 
pression for  F  is,  in  this  case,  constant. 

Line  of  489.     A  line  drawn  from  any  origin,  so  that  at  every  point  of 

force.  .,  ,.  ii--  r.1  ., 

its  length  Its  tangent  is  the  direction  of  the  attraction  at  that 
point,  is  called  a  Line  of  Force ;  and  it  obviously  cuts  at  right 
angles  every  equipotential  surface  which  it  meets. 

These  three  last  sections  are  true  whatever  be  the  law  uf 
attraction ;  in  the  next  we  are  restricted  to  the  law  of  the 
inverse  square  of  the  distance. 
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490.  If,  through  every  point  of  the  boundary  of  an  infinitely  Variation  oj 
small  portion  of  an  equipotential  surface,  the  corresponding  along  a  line 
lines  of  force  be  drawn,  we  shall  evidently  have  a  tubular 
surface  of  infinitely  small  section.  The  force  in  any  direction, 
at  any  point  within  such  a  tube,  so  long  as  it  does  not  cut 
through  attracting  matter,  is  inversely  as  the  section  of  the 
tube  made  by  a  plane  passing  through  the  point  and  perpen- 
dicular to  the  given  direction.  Or,  more  simply,  the  whole 
force  is  at  every  point  tangential  to  the  direction  of  the  tube, 
and  inversely  as  its  transverse  section :  from  which  the  more 
general  statement  above  is  easily  seen  to  follow. 

This  is  an  immediate  consequence  of  a  most  important 
theorem,  which  will  be  proved  later,  §  492.  The  surface  in- 
tegral of  the  attraction  exerted  hy  any  distribution  of  matter  in 
the  direction  of  the  normal  at  every  point  of  any  closed  surface 
is  ^ttM  ;  where  M  is  the  amount  of  '^natter  within  the  surface, 
luhile  the  attraction  is  considered  positive  or  negative  according 
as  it  is  inwards  or  outwards  at  any  point  of  the  surface. 

For  in  the  present  case  the  force  perpendicular  to  the  tubular 
part  of  the  surface  vanishes,  and  we  need  consider  the  ends 
only.  When  none  of  the  attracting  mass  is  within  the  portion 
of  the  tube  considered,  we  have  at  once 

F^  -  Fvt'  =  0, 
F  being  the  force  at  any  point  of  the  section  whose  area  is  tzr. 
This  is  equivalent  to   the  celebrated   equation    of  Laplace — 
App.  B  (a);  and  below,  §  491  (c). 

When  the  attracting  body  is  symmetrical  about  a  point,  the 
lines  of  force  are  obviously  straight  lines  drawn  from  this 
point.  Hence  the  tube  is  in  this  case  a  cone,  and,  by  §  4G9, 
■CT  is  proportional  to  the  square  of  the  distance  from  the  vertex. 
Hence  F  is  inversely  as  the  square  of  the  distance  for  points 
external  to  the  attracting  mass. 

When  the  mass  is  symmetrically  disposed  about  an  axis  in 
infinitely  long  cylindrical  shells,  the  lines  of  force  are  evidently 
perpendicular  to  the  axis.  Hence  the  tube  becomes  a  wedge, 
whose  section  is  proportional  to  the  distance  from  the  axis, 
and  the  attraction  is  therefore  inversely  as  the  distance  from 
the  axis. 
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Variation  of      Wheu  the  mass  is  arranged  in  infinite  parallel  planes,  each 
Son"*L^iuie  of  uniform   density,  the   lines  of  force    are   obviously  perpen- 
dicular to   these   planes  ;    the  tube  becomes  a  cylinder ;   and. 
since  its  section  is  constant,  the  force  is  the  same  at  all  dis- 
tances. 

If  an  infinitely  small  length  I  of  the  portion  of  the  tube 
considered  pass  through  matter  of  density  p,  and  if  oi  be  the 
area  of  the  section  of  the  tube  in  this  part,  we  have 

/V  —  F'-ss'  =  ArKltop. 
This  is  equivalent  to  Poisson's  extension  of  Laplace's  equation 
[§  -iOl  (c)]. 

Pountiai  491.     In  estimating  work  done  against  a  f<>rce  which  varies 

attracting  inversely  as  the  square  of  the  distance  from  a  fixed  point,  the 
^^ '  mean  force  is  to  be  reckoned  as  the  geometrical  mean  between 
the  forces  at  the  beginning  and  end  of  the  path  :  and,  what- 
ever may  be  the  path  followed,  the  effective  space  is  to  be 
reckoned  as  the  difference  of  distances  from  the  attracting  point. 
Thus  the  work  done  in  any  course  is  equal  to  the  product  of 
the  diflference  of  distances  of  the  extremities  from  the  attract- 
ing point,  into  the  geometrical  mean  of  the  forces  at  these 
distances;  or,  if  0  be  the  attracting  point,  and  m  its  force 
on  a  unit  mass  at  unit  distance,  the  work  done  in  moving 
a  particle,  of  unit  mass,  from  any  position  P  to  any  other 
position  P',  is 

(np'-np\     I      '"'  -^        ^ 

To  prove  this  it  is  only  necessary  to  remark,  that  for  any 
infinitely  small  stop  of  the  motion,  tiie  effective  space  is  clearly 
the  difiorence  of  distances  from  the  centre,  and  Uie  working 
force  may  be  taken  as  the  force  at  either  end,  or  of  any  inter- 
mediate value,  the  geometrical  mean  for  instance :  and  the 
preceding  expression  applied  to  each  infinitely  .small  step  shows 
that  the  same  rule  holds  for  the  sum  making  up  the  whole  work 
done  through  any  finite  range,  and  by  any  path. 

Hence,  by  §  485,  it  is  obvious  that  the  potential  at  P,  of  a 

mass  m  situated  at  0,  is  ^-^ :  and  thus  that  the  potential  of  any 
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mass  at  a  point  P  is  to  be  found  by  adding  the  quotients  of  every  Potontiai 
portion  of  the  mass,  each  divided  by  its  distance  from  P.  attracting 

point. 
a.     For  the  analytical  proof  of  these  propositions,   consider,  Analytical 

•'  >■  •■       i  _         invcstifca- 

first,  a  iwir  of  particles,  0  and  P,  whose  masses  are  m  and  unity,  tionof  the 
•  7  TP   rv  ,        ,     •      T  value  of  the 

and  co-ordinates  abc,  xyz.     If  D  be  their  distance  potential. 

D^=^{x-aY  +  {ij-hy  +  {z-c)\ 

The  components  of  the  mutual  attraction  are 

^         X-  a        ^^         y—h        „         z  —  c 
1F~  '      -^  =  "*  1?"  '      ^=''^^^^'> 

and  therefore  the  work  required  to  remove  P  to  infinity  is 

'{x  -  a)  dx  +  (y  -  h)  dij  +  (s  -  c)  dz 


ni 


f- 


dD 


which,  since  the  superior  limit  is  Z>  =  oo,  is  equal  to 


1)' 


The    mutual    potential    energy    is    therefore,  in    this    case,    the 

^jroduct  of  the  masses  divided  by  their  mutual  distance;    and 

nil 
therefore  the  potential  at  x,  y,  z,  due  to  in,  is  —  . 


Again,  if  there  be  more  than  one  fixed  particle  m,  the  same 
investigation  shows  us  that  the  potential  at  xyz  is 


m 


And  if  tlie  particles  form  a  continuous  mass,  whose  density  at 
a,  ft,  c  is  p,  we  have  of  course  ii.):):  tlio  jiotential  the  expression 

dadbdc 


w 


p> 

the  limits  depending  on  the  boundaries  of  the  mass. 

If   we   call    V  the   potential  at  any  point   P  (.c,  y,  z),  it  is  Force  at 

,  .  1     •      t  1  !•!•  1\     *"i'    point. 

evident  (irom  the  way  m  which  we  have  obtained  its  value) 
that  the  components  of  the  attraction  on  unit  of  matter  at  P  are 

dx  '  (/y  '  dz' 
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Force  at 
any  point. 


Forco  with- 
in a  hoiuo- 
Keneous 
sphere. 


Hence  the  force,  rasolved  along  any  curve  of  which  «  is  the  arc, 

,(Lc     ^r<f?/  ^  prdz         fdV  dx     dV  dfi     dV  dz\ 

Js 

__dV 
"      ds' 


IS 


\dx  ds       dij 


ds 


ds 


dn      dV  dz\ 
ds       dz  ds/ 


All  this  is  evidently  independent  of  the  question  whether  P  lies 
within  tlie  attracting  mass  or  not. 

b.  If  the  attracting  mass  be  a  sphere  of  density  p,  and  centre 
a,  b,  c,  and  if  P  be  within  its  sui-face,  we  have,  since  the  exterior 
shell  has  no  effect, 

^        dV     i      ^,    x-a 


Rato  of  in- 
cTtvasp  of  tho 
force  in  any 
direction. 


].iil)lare'8 
equation. 


=  -  Trp  (.r  -  a). 


dX_ 
dx 


d'V     4 


da^ 


=  o^P- 


,  _  rf*       d'       d' 
^  '  dx*'^  di/'^  dz" 


Hence 

c.     Now  if 

we  have  V*^  =  0,  as  was  proved  before,  App.  B  ^  (14)  as  a 
particular  case  of  g.     The  proof  for  this  case  alone  is  as  follows: 
^J.__x-a  i^'   1  __Jl      3  (x  -  o)*  ^ 


and  from  this,  and  the  .similar  expressions  for  the  second  differ- 
entials in  y  and  z,  the  theorem  follows  by  summation. 

dadbdc 


Hence  as 


r 


rff   dadbdc 
111''   -D- 


and  p  does  not  involve  x,  y,  z,  we  see  that  as  long  as  P  does  not 
vanish  within  the  limits  of  integration,  i.e.,  as  long  as  P  is  not  a 
point  of  the  attracting  mass 

V'r=0; 

or,  in  tcniis  of  the  components  of  the  force, 

dx  <iy_^^^Q 

dx       dg       dz 
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If  P  be  within  the  attracting  mass,  suppose  a  small  sphere  Laplace's 
to  be  described  so  as  to  contain  P.     Divide  the  potential  into 
two  parts,  r,  that  of  the  sphere,  V^  that  of  the  rest  of  the  body. 

The  expression  above  shows  that 

d~V 
Also  the  expressions  for  ^-^  ,  etc.,  in  the  case  of  a  sphere  (b) 

give  V*Fj  =  -  iirp, 

where  p  is  the  density  of  the  sphere. 

Hence  as  V^V^+Vs  Poisson's 

_,2  -rr  A  extension  of 

V    K  =  -  47rp,  Laplace's 

equation. 

which  is  the  general  equation  of  the  potential,  and  includes  the 
case  of  P  being  wholly  external  to  the  attracting  mass,  since 
there  p  =  0,  In  terms  of  the  components  of  the  foixe,  this 
equation  becomes 

dX^     dY     d^_ 

dx       dy       dz 

d.  We  have  already,  in  these  most  important  equations, 
the  means  of  verifvino;  various  former  results,  and  also  of  adding 
new  ones. 

Thus,  to  find  the  attraction  of  a  hollow  sphere  composed  of  Potential 
concentric  shells,  each  of  uniform  density,  on  an  exteinal  point  arranged'in 
(by  which  we  mean  a  point  not  part  of  the  mass).     In  this  case  sphencai" 
symmetry  shows  that   V  must  depend  upon  the  distance  from  uniform 
the  centre  of  the  sphere  alone.     Let  the  centi-e  of  the  sphere  be  '^^'^'^y- 
origin,  and  let 

9  9  0  0 

r'  -.X-  +  y  -^-  z  . 

Then  F  is  a  function  of  r  alone,  and  consequently 

dV_dV^dr_xdV 
dx      dr  dx      r  dr  ^ 

^_  1  tZF_.r^c[F     tc^cfK 
dx^      r  dr       ?•'  dr       r*  dr'  ' 

,  _-,     '2dV     d'V 

and  V* r=  -  -^  +    ,-5- . 

r  dr       dr^ 

Hence,  when  P  is  outside  the  sphere,  or  in  the  hollow  space 
within  it,  2  dV     d'V    ^ 

--T^     7  2=0- 

r  dr       dr 

3—2 


3C  ABSTRACT   DYNAMICS.  [491  d. 

(IV 

A  first  integral  of  tliis  is    r*  -7-  -  C. 
°  dr 

For  a  point  outside  tho  sliell  C  lius  a  finite  value,  which  is  easiJy 

seen  to  be  -  M,  where  M  is  the  mass  of  the  shell. 

For  a  point  in  the  internal  cavity  C  =  0,  because  evidently  at 

dV 
the  centre  there  is  no  attraction — i.e.,  there  r  =  0,  -j-  =  ^  together. 

Hence  there  is  no  attraction  on  any  jMiint  in  the  caWty. 

We  need  not  be  sur|)rised  at  the  apparent  discontinuity  of  this 
solution.  It  is  owing  to  the  discontiiinity  0/ the  given  distribution 
of  matter.  Thus  it  appears,  by  §  491  c,  that  the  true  geneml 
equation  of  the  potential  is  not  what  we  have  taken  above,  but 

d'V     2dV         . 

(//•*       r  dr 

where  p,  the  density  of  the  matter  at  distance  r  from  the  centre, 

is  zero  when  r  <  a  the  radius  of  the  cavity  :  has  a  finite  value  o-, 

which  for  sim]ilicity  we  may  consider  const^mt,  when  r  >  a  and 

<  a  the  radius  of  the  outer  bounding  surface  :  and  is  zero,  again, 

for  all  values  of  r  exceeding  a.     Hence,  integrating  from  r  =  0, 

dV 
to  r  =  r,  any  value,  we  have  (since  7^  -^  =  0  when  r  =  0), 


r«'^,-  =  _47r  I'  f^dr  =  -M„ 
dr  L 


if  M    denote  the  whole  amount  of  matter  within  the  .xpherieal 
surface  of  radius  r  ;    which  is  the  di.->contiuuous  funetion  of  r 
specified  as  follows  : — 
Fr.  >m  r     0  to  r  =  a,       r  =  a  to  r  =  a',  r  =  a'  to  r  =  c», 

The  c<>rrespou<ling  values  of  V  are,  in  order, 

ir     o      ,  w       ,x       ir     47ro- /3a"-r*     a\  Aim     „ 

I   ^  2na  (a    -  a'),       F-=   -  -  (^  -  -  ^ ^  j.      I   -    .^^    («    -  «  )• 

We  have  entered   thus  into  detail   in  this  case,  Ik-cjiuso  surh 

appaient  anomalies  are  very  common  in  the  analyticsil  solution 

«)t  phvsical  questions.     To  make  this  still  more  clear,   we  sul>- 

c   rr    dV  .  d*V 

join  a  gniphic  representation  of  the  values  of   J ,     .    ,  and  -r-j- 

for  this  case.     AliQC,  the  curve  for  V,  is  partly  a  straight  line, 
and  has  a  j)oint  of  intioctiou  at  Q :  but  there  is  no  discontinuity 
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^  Y  Potential 

and   no  abrupt  change  of  direction.      OEFB,  that  for  — ,  is  °;;™^J*Jin 

concentric 

continuous,  but  its  direction  twice  changes  abruptly.     Tliat  for  spherical 

'  o  1     ./  shells  of 

d^V  .  rr  uniform 

-j-5-  consists  of  three  detached  portions,  OE,  Gil,  KL.  density. 

dr- 


e.     For  a  mass  disposed  in  infinitely  long  concentric  cylin-  Coaxal  r^ht 
drical  shells,  each  of  uniform  density,  if  the  axis  of  the  cylinders  uniform 
be  z,  we  must  evidently  have  V  a  function  of  x'  +  if  only.  *^"^""^  "" 

XT  ^^        A  , 

-Hence  -,    =0,  or  the  attraction  is  wholly  perpendicular  to  the 


infinite 
length. 


axis. 


d'V 


Also,  -j^  -  0  ;  and  therefore  by  {d) 


^.,„     d'V     \dV 
ar-      r  dr 


dV  f 

Hence  r-j-  =  C  -Aw  j  prdr, 

from  which  conclusions  similar  to  the  above  may  be  drawn. 

/.     If,   finally,    the    mass   be    arranged    in    infinite   parallel 
planes,  each  of  uniform  density,  and  perpendicular  to  the  axis 
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of  x;  the  resultant  force  must  l>e  parallel  to  this  direction  :  that 
ia  to  say,  Y=  0,  Z  ^Q,  and  tlierufure 

which,  if  p  is  known  in  terms  of  x,  is  completely  integrabla 
Outaide  the  mass,  p  =  0,  and  therefore 

or  the  attraction  is  the  same  at  all  distances,  a  result  easily 
verified  by  the  direct  methods. 

If  within  the  mass  the  density  is  constant,  we  have 
A'=C"  +  47rp.r; 

and  if  the  origin  be  in  the  middle  of  the  lamina,  we  have, 
obviously,  C"=  0.  Hence  if  t  denote  the  thickness,  the  values  of 
X  at  the  two  sides  and  in  the  spaces  beyond  are  respectively 
-  'lirpt  and  +  2irpt.     The  difference  of  these  is  iirpt  (§  478). 

dV 
g.     Since    in    any  case  —j-  ^  ^^^  component  of  the  attrac- 
tion in  the  direction  of  the  tangent  to  the  arc  »,  the  attraction 
will  be  perpendicular  to  that  arc  if 

or  V=C. 

This  is  the  equation  of  an  equipotenticd  surface. 

If  71  be  the  normal  to  such  a  surface,  measured  outwards,  the 
whole  force  at  any  point  is  evidently 

dV 
dn  ' 

and  its  direction  is  that  in  which  V  increases. 

int«>)rraiof        ^92.     Let  S  be  any  closed  surface,  and  lot  Obe  a  point,  either 

auraA'ion     external  or  internal,  where  a  mass,  wi,  of  matter  is  collected. 

•Irt^"**^  Let  N  be  the  component  of  the  attraction  of  m  in  the  direction 

of  the  normal  drawn  inwards  from  any  point  P,  of  S.     Then,  if 

da  denotes  an  element  of  S,  and  //  integration  over  the  whole 

of  it, 

ffXdxr  =  ^Trm,  or  =0  (1), 

according  as  0  is  internal  or  external. 
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Case  1,  0  internal.     Let  OP,P,P^...  be  a  straight  line  drawn  intoRraiof 

•  •       r,       T)      T-t  jr  normal 

in  any  direction  from  0,  cutting  S  m  P.,  P.,  P„,  etc.,  and  there-  attraction 

•'  '^  •  ■  ■  n    tiveraclosed 

fore  passing  out  at  P^,  in  at  P^,  out  again  at  P^,  in  again  at  P^,  surface, 
and  so  on.     Let  a  conical  surface  be  described  by  lines  through  to'^pJisson's 
0,  all  infinitely  near    OP^P^...,  and  let  <u  be  its  solid  angle  La'pi"ce's *^ 
(§    4G5).      The    portions    of  JJNda   corresponding  to  the  ele- §'\'ii*c°"' 
ments  cut  from  S  by  this  case  will  be  clearly  each  equal  in 
absolute  magnitude  to  com,  but  will  be  alternately  positive  and 
nesrative.     Hence  as  there  is  an  odd  number  of  them    their 
sum  is  +  com.     And  the  sum  of  these,  for  all  solid  angles  round 
0  is  (§  466)  equal  to  47r?/i ;  that  is  to  say,  JJjS''dj-  =  47rm. 

Case  2,  0  external     Let  OPP^P^...  be  a  line  drawn  from  0 Equivalent 

I  -r^  ■,  to  Laplace  s 

passing  across  S,  inwards  at  P^,  outwards  at  P^,  and  so  on.  equation. 
Drawing,  as  before,  a  conical  surface  of  infinitely  small  solid 
angle,  w,  we  have  still  am  for  the  absolute  value  of  each  of  the 
portions  of  jjNda  corresponding  to  the  elements  which  it  cuts 
from  S;  but  their  signs  are  alternately  negative  and  positive: 
and  therefore  as  their  number  is  even,  their  sum  is  zero. 
Hence  jjMa  =  0. 

From  these  results  it  follow's  immediately  that  if  there  be 
any  distribution  of  matter,  partly  within  and  partly  without  a 
closed  surface  S,  and  N  and  da-  be  still  used  with  the  same 
signification,  we  have 

jjXda  =  i'7rM (2) 

if  M  denote  the  whole  amount  of  matter  within  S. 

This,  with  i/ eliminated  from  it  by  Poisson's  theorem,  §  491  c, 
is  the  paiticular  case  of  the  analytical  theorem  of  Chap.  I.  App. 
A  (a),  found  by  taking  a=  1,  and  U'  =  1,  by  which  it  becomes 

0  ^  JjdadU -  jjjV'Udxdydz (3). 

For  let  U  be  the  potential  at  (x,  y,  z),  due  to  the  distribution 
of  matter  in  question.  Then,  according  to  the  meaning  of  9, 
we  have  aU  =  —  N.  Also,  let  p  be  the  density  of  the  matter  at 
(x,  y,  z).     Then  [§  491  (c)]  we  have 

V-6^  =  -47r/D. 

Hence  (3)  gives 

jjNda-  =.  iTTJjjpdxdi/dz  =  47ril/. 
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int^'gTuiof  493,     If  in  crossing  any  surface  A' we  fin«l  an  ahrupt  change 

attinction  in  tliG  valuc  of  the  c«»niponeiit  force  perpendicular  to  A",  it 
surface  follows  fn^ui  (2)  that  there  must  be  a  comlensation  of  matter 
on  A",  and  that  the  surface-density  of  this  distribution  is  NjA-ir, 
if  N  be  the  difference  of  the  values  of  the  normal  component  on 
the  two  sides  of  K\  as  we  see  by  taking  for  our  closed  surface 
S  an  infinitely  small  rectangular  parallelepiped  with  two  of  its 
faces  parallel  to  A' and  on  opposite  sides  of  it.  This  result  was 
found  in  §  478,  in  a  thoroughly  synthetical  manner.  The  same 
result  is  found  by  the  proper  analytical  interpretation  uf 
Poisson's  equation 

dX_      dY     iJZ  ^ 
dx       dy      dz  '"' 

It  is  to  be  remarked  that  in  travelling  across  K  abrupt  change 
in  the  value  of  the  component  force  along  any  line  parallel  to 
K  is  forbidden  by  the  Conservation  of  Energy. 

494.  The  theorem  of  Lajtlace  and  Poisson,  §  492,  for  the 
present  application  most  conveniently  taken  (§  491  c)  in  its 
differential  fonn 

1    ((PV     d'V     d^V 


jirubk'ni. 


AfK    (Pv    cn\ 


47r  xd-c"      dy* 

it.v.r^.-  is  explicitly  the  solution  of  the  inverse  problem, — given  the 
potential  at  every  point  of  space,  or,  which  is  virtually  the  same, 
given  the  dii'ection  and  magnitude  of  the  resultant  force  at  every 
point  of  space, — it  is  required  to  find  the  distribution  of  matter 
by  which  it  is  produced. 

494  a.     Example.     Let  the  potential  be  given  e<jual  to  zero 
for  all  space  external  to  a  given  closed  surface  .S",  and  hi 

V^<f,{x,  y,  z) (2) 

fur  all  sjjace  within  this  surface;  <f>{x,  y,  c)  Itcing  any  arbitral y 
function  subject  to  no  other  condition  than  that  its  value  is 
zero  at  S,  and  that  it  has  no  abrupt  changes  of  value  within  6'. 
Abrupt  changes  in  the  values  of  differential  coefficients, 

dff>       d<f>      d<l> 

"^'    dy'    dz' 
are  not  excluded,  but  are  subject  to  intcrpi-etations,  aa  in  §  493, 
if  they  occur. 
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494  b.     The  required  distribution  of  matter  must  inchide  a  inverse 
surface  distribution  on  S,  because  there  is  abrupt  change  in  the  P"""^^"** 
value  of  the  normal  component  force  from 


y 


\dx'      dif      dz 


at  the  inside  of  S  to  zero  at  the  outside.  Thus,  by  §  493,  and 
by  §  494  (1),  we  have  for  our  complete  solution  (compare  §§  501, 
505,  506,  507  below) 


p  --  0,  for  space  external  to  S      ~l 


1    fdd)^      d(b^      (i^  .  ^ 


dfV 


and 


^      iAdx' 


1    /d'(f)      d'<fi      d'(f) 
dy 


'^  dz' 


for  space  enclosed  by  <S'. 


.(2). 


494  c.  From  §  492  (2),  remembering  that  N=  0  outside  of  S, 
■we  infer  thiit  the  total  mass  on  and  within  S  is  zei-o,  and 
therefore  the  quantity  of  matter  condensed  on  S  is  equal  and 
of  opposite  sign  to  the  quantity  enclosed  by  it. 

494  d.  Sub-Example.  Let  the  potential  be  given  equal  to 
zero  for  all  space  external  to  the  ellipsoidal  surface 


X 

a' 


f  ,  ^ 


T.+  P  + 


=  1, 


and  equal  to 


(}-l 


(3), 


for  the  space  enclosed  by  it :  in  other  words  let  the  potential  be 
zero  wherever  the  value  of  (3)  is  negative,  and  equal  to  the  value 
of  (3)  wherever  it  is  positive. 


494  e.     The  solution  (2)  becomes 
p=0, 


,  X-     y     z      , 

wherever  -  j  +  t5  +  -  >  1 ; 
a"      0       c" 


(T  = 


and  p  = 


1 

^7Tp' 

o                  o                 o 

X"        V       Z" 

at  the  surface  — „  +  ri  +  -» =  1 ; 
a-      li'     c*       ' 

1     /I            1 

4- 

1\ 

x'     y-      z" 
wherever  —  +  "f-,  +  -,  <  1. 
a-      6"      c 

-W; 
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Invfrso 
prubiem. 


Attractions 
uf  solid 
lionio^ene- 
ous  ellip- 
MUid  aiiu 
ciruuin- 
scrilK-d 
(ucaloid  of 
equal  uiasa 
(oiiiid 
c<|ual. 

llomoeoids 
and 

KDcaloids 
dclliifd. 


p  denoting  the  perpendicular  from  the  centre  to  the  tangent 
phinc  of  tho  ellipsoidal  surface. 

494  /.     Let  q  he  an  infinitely  small  quantity.     The  equation 

x*  7/*  «• 


a'  -  q      b^  -q 


c*-q 


=  1. 


.(5) 


represents  an  ellipsoidal  surface  confocal  with  the  given  one, 
and  infinitely  near  it.  The  distance  between  the  two  surfaces 
infinitely  near  any  point  {x,  y,  z)  of  either  is  easily  proved  to 
be  equal  to  |  qlp.     Calling  this  t,  we  have,  from  (4), 


<r  =  — 


\iT      q 


.(G). 


We  conclude  from    (G)  and  (1)  and  the  theorem  (§   494  c)   of 
masses  that 

494/7.  The  attraction  of  a  homogeneous  solid  ellipsoid 
is  the  same  through  all  external  space  as  the  attraction  of  a 
homogeneous  t'ocaloid*  of  equal  mass  coinciding  with  its 
surface. 


*  To  avoid  complexity  of  diction  wo  now  propose  to  introduce  two  new 
words,  "  focaloid  "  and  "  homoeoid,"  according  to  the  following  detinitions  : — 

(1)  A  liomoeoid  is  an  infinitely  thin  shell  bounded  by  two  similar  surfaces 
similarly  oriented. 

The  one  point  which  is  situated  similarly  rL-lativcly  to  the  two  similar 
Burfaces  of  a  homoeoid  is  called  the  homoeoidal  centre.  Sup|K>sing  the  homoeoid 
tD  be  a  finite  closed  surface,  the  homoeoidal  centre  may  be  any  internal  or 
external  point.  In  the  extreme  case  of  two  equal  surfaces,  the  homoeoidal  centre 
is  at  an  infinite  distance.  The  homoeoid  in  this  extreme  case  (which  is  interest- 
ing as  repre.senting  tho  surface-distribution  of  ideal  magnetic  matter  constituting 
the  free  polarity  of  a  body  magnetized  uniformly  in  parallel  lines)  may  be  called 
a  homoeoidal  couple.  Id  ever)'  case  tho  thickness  of  tho  homoeoid  is  directly 
proportional  to  the  perpendicular  from  the  centre  to  the  tangent  plane  at  any 
point.  When  (the  surface  being  still  8Ui)p08ed  to  be  finite  and  closed)  the  centre 
is  external,  the  thickness  is  essentially  negative  in  some  places,  and  positive  in 
others. 

Tho  bulk  of  a  homoeoid  is  the  excess  of  the  bulk  of  the  part  where  the 
thickness  is  positive  above  that  where  the  thickness  is  negative.  The  bulk  of 
a  homoeoidal  couple  is  essentially  zero.  Its  moment  and  its  axis  are  important 
qualities,  obvious  in  their  geometric   definition,   and  useful  in  magnetism  as 
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494  A.     Take  now  a  homogeneous  solid  ellipsoid  and  divide  Proof  of 

.     r'     •  n    n         ^     •  1  i  i  Maclaurin'a 

it  into  an  infinite  number  or  localoids,  numbered  1,  2,  3,  ...  Theorem, 
from  the  surface  inwards.  Take  the  mass  of  No.  1  and  dis- 
tribute it  uniformly  through  the  space  enclosed  by  its  inner 
boundary.  This  makes  no  difference  in  the  attraction  through 
space  external  to  the  original  ellipsoid.  Take  the  infinitesimally 
increased  mass  of  No.  2  and  distribute  it  uniformly  through  the 
space  enclosed  by  its  inner  boundary.  And  so  on  with  Nos.  3,  4, 
&c.,  till  instead  of  the  given  homogeneous  ellipsoid  Ave  have 
another  of  the  same  mass  and  correspondingly  greater  density 
enclosed  by  any  smaller  confocal  ellipsoidal  surface. 

494  i.     We  conclude  that 

Ally   two   confocal   homogeneous    solid   ellipsoids   of  equal  Maciaurin's 
masses  produce  equal  attraction  tJuvugh  all  space  external  to 
hath. 

This  is  Maciaurin's  splendid  theorem.  It  is  tantamount  to 
the  following,  which  presents  it  in  a  form  specially  interesting 
in  some  respects : 

Atiy  two  thick  or  thin  confocal  focaloids  of  equal  masses,  Equivalent 
each  homogeneous,  produce  equal  attraction  through  all  space  ^{uoxanru 
external  to  both.  '^''*'^'^"- 


unn  s 


494 J.     Maciaurin's  theorem  reduces  the  problem  of  finding  Digression 
the  attraction  of  an  ellipsoid*  on  any  point  in  external  space,  tracUonof 
(which  when  attempted   by   direct   integration    presents  diffi-  ''"'^  '^""'^ 
culties  not  hitherto  directly  surmounted,)   to  the  problem   of 

representing  the  magnetic  moment  and  the  magnetic  axis  of  a  piece  of  matter 
uniformly  magnetized  in  parallel  lines. 

(2)  An  elliptic  homoeoid  is  an  infinitely  thin  shell  bounded  by  two  con- 
centric  similar  ellipsoidal  surfaces. 

(3)  A  focaloid  is  an  infinitely  thin  shell  bounded  by  two  confocal  ellipsoidal 
surfaces. 

(4)  The  terms  "thick  homoeoid"  and  "thick  focaloid"  may  be  used  in 
the  comparatively  rare  cases  (see  for  example  §§  494/,  519,  522)  when  forms 
satisfying  the  definitions  (1)  and  (3)  except  that  they  are  not  infinitely  tliin, 
are  considered. 

*  To  avoid  chcumlocutions  we  call  simply  "  an  ellipsoid  "  a  homogeneous 
solid  elhpsoid. 
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Di(ri^!,ion  fii'ling  the  attraction  of  an  ellipsoid  on  a  point  at  its  surface 
tniil'ion  of  which,  as  the  limiting  case  of  the  attraction  of  an  ellipsoid  on 
an tihpsoid.  ^^  internal  point,  is  easily  solved  by  direct  integration,  thus: 

To  find  tlio  494  k.    Divide  the  whole  solid  into  pairs  of  vertically  opposite 

hn'HilpsoCi  infinitesimal  cones  or  pyramids,  having  the  attracted  jwiut  P  for 

at  anv  inte- 
rior rioint.  common  vertex. 

Let  ETE  be  any  strai;^ht  line  through  P,  cut  by  the  surface 
at  E'  and  E,  and  let  da  be  the  solid  angle  of  the  pair  of  cones 
lying  along  it.  The  potentials  at  F  of  the  two  are  easily  .shown 
to  be  if  PE'da  and  |  PE"  da,  and  therefore  the  whole  contribu- 
tion of  potential  at  P  by  the  pair  is  h  {l^E*  +  PE*)  da. 

Hence,  if  V  denote  the  potential  at  P  of  the  whole  ellipsoid, 
the  density  being  taken  as  unity,  we  have 

V=Jjh{PE'+PE")da (7), 

where  //  denotes  integration  over  a  hemisphere  of  spherical 
surl'ace  of  unit  radius. 

Now  if  X,  y,  z  be  the  co-ordinates  of  P  relative  to  the 
principal  axes  of  the  ellipsoid ;  and  /,  m,  n  the  direction 
cosines  of  PE,  we  have,  by  the  equation  of  the  ellipsoid, 

{x  +  lPEy      (;/  -I-  mPEy      {z  +  mPE)*_^ 
whence 

When  (x,  y,  s)  is  within  the  ellipsoid  this  equation,  viewed  as 
a  quadratic  in  PE,  has  its  roots  of  opposite  signs ;  the  positive 
one  is  PE,  the  negative  is  -  PE'. 

Now  if  r,,  r^  be  the  two  roots  of  gr*  +  %fr  -  «  =  0,  we  have 

i  ('-.'  + O- (2/" +  i7e)V. 
Hence 

(I'       m'      u'\' 


\{PE*  +  PE")=' 


™3  ^,S  ^« 

X       y 


where      e=  I  — si  -  Va  — « » 
a       0      c 

,  fmnyz      mizx      lniry\ 
ami         (^  .  4  (^-^-.    -h  ^  -f  ^,^;  j 


(8). 
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Now  in  the  ff  inteiji-atiou  of  (7),  as  we  see  readily  by  taking  Digression 
-■'  »  .  ^    '\  .  11  ontheat- 

for  example  one  of  the  hemis]>heres  into  which  the  whole  si  mere  traction  of 

.     .    an  ellipsoid, 
round  F  is  cut  bj  the  plane  through  F  perpendicular  to  z,  it  is 

clear  that 


Qda- 


_  J —   ^ 

-..2  12  2 

a       0       c 


:,  =  0, 


and  therefore  (7)  and  (8)  give 


-¥ 


I'      111' 


11 
b        c 


or 


where 


--       ^     X-  d<^      y^  d<P     z^  fZ$ 

V  =  e^  -K — h- 1 

a    da      h    db      c   do 


4> 


=  //f 


da 


m'      71" 

2  7  2  2 

a        6        c 


(9); 


..(10); 

..(11), 
..(12). 


494  I.     A  symmetrical  evaluation  of  $   not  being  obvious, 
we  may  be  content  to  take 

I  =  cos  0,     m  =  sin  6  cos  cf),     n  =  sin  0  sin  ^, 
and  d(T  —  sin  6  dO  dcj). 

Using  these,  replacing  I,  and  |)utting 

^       ^  "^  Z^  =  //,     and  3  -  fi  -  :^,')  Z^  =  K, 


b'      \b-      a 
we  find  <1> 


1  rSff 

dl 


C        \C"       ft 

d<{> 


0       ./o     -^^  ^O''"  <f>  +  !{  sin^  0 ' 
'sin' (A  'o      .^- 


./,      7/  cos^  </>  -f  A'sin^'  (/,        Jo     H+  Kt'      ^{IIK) ' 


Hence 


^=27 


,// 


...(13). 


By  (12)  we  know  that  $  is  a  symmetrical  function  of  a,  h,  c. 
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on^hear  ^o  l.Hng  (12)  to  this  form,  take 

tmi-lion  of 

an  ellipsoid.  a  zi  jv 

which  reduces  (13)  to 


^  =  ^abcf    .       ^"     ■ , (15). 


(a'  +  uy  (b*  +  uf  (c*  +  uy 

The  expression  (11)  for  V,  with  (15)  for  4>,  is  worth  preserving 
for  its  own  sake  and  for  some  applications ;  but  the  following, 
derived  from  it  by  performing  the  indicated  differentiations,  is 
simpler  ami  is  generally  j)referable  : 

r  =  nabcr(l-    ^—-j!-.-:'.\ ■      ^"     , ...(16); 

or,  if  J/  denote  the  mass  of  the  ellipsoid, 

-.     33/  r/,        x'         y«         a*  \  du 

4    ^0    ^      a+u    b+u    c+My(„.  +  ^)i(j.+„)i(^.^^^)i 

This,  or   (IG),   expi'esses    the  potential    at  any  point   [x,  y,  z) 
within  the  ellipsoid  (a,  b,  c)  or  on  its  surface. 

494  m.  The  potential  at  any  external  point  is  deduced 
from  (17)  through  Machiuriu's  theorem  [§§  404  i]  simply  by 
substituting  for  a,  b,  c  the  semi-axes  of  the  ellipsoid  confocul 
with  {a,  b,  c),  and  passing  through  x,  y,  z:  these  semi-axes 
are  ^{a'  +  g),  ^{b^  +  q),  -J  (c*  +  q),  where  q  denotes  the  j>ositive 
root  of  the  equation 

+  ^+.-5T^=l (^8)i 


a'  +  q     b*  +  q     c*  +  q 
which  is  a  cubic  in  q.     Thus,  for  an  external  pointy  we  6nd 

v-MTd ^    -^ —) - 

4  Jo   V       a'  +  q  +  u    b'  +  q  +  u    c'+y  +  w/ (a.  +  y+„)i(i»  +  ^  + w)i(c«+7 +  u)^ 

(19); 

wliieh  may  be  written  shorter  as  follows : 

v=^r(i--'L 'i—-^\  \ "^ (20) 

4  .',    V      a'+u    b'+u    c"+uy(„.+„)i^j.^.„)J(c»+«)* 
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494  n.  These  formulas,  (17)  and  (20),  are,  we  believe,  due  Digression 
to  Lejeune  Dirichlet*,  whoproves  them  (Crelle's  Journal,  1846,  traction  of 
Vol.  XXXII.)  by  showing  that  they  satisfy  the  equation 


(£V_     (TV 
dif       dz^ 


iTT, 


when 


and 


when 


X 


y 


n^ 


a 
d'V 


-  +  ^  +      <1 


d'V     cV-V 


dx'  '   df  "*■  dz'     ^' 


o  p  o 

X-     ir     «^     - 

L    li_   J.    _    >     I    • 


a 

dV     dV     dV 
dx  '    d>/  '     dz 

have  equal  values  at  points  inj&nitely  near  the  surface 


and  that 


X       ir      z      . 

h  —  +  —  =  1 

a       0       c 


outside  and  inside  it.  His  fiist  step  towards  this  proof  (the 
completion  of  which  we  leave  as  an  exercise  to  our  readers) 
is  the  evaluation  of  dV/dx,  dV/dy,  dV/dz.  In  this  it  is  neces- 
sary to  remark  that,  for  the  external  point,  terms  depending 
on  the  variation  of  q  as  it  appears  in  (20)  vanish  because  of 
(18):  and  taking  the  results  which  we  then  get  instantly  by 
plain  differentiation,  and  remembering  that  X  =  -dV/dx,  &c., 
we  have,  for  the  principal  components  of  the  resultant  force, 


X  = 


y= 


3Mx 


dio 


?   (fr  +  uf  (b'  +  u)^  {c'  +  u)^ 


2    I, 
_3Mz  r 
2    A   (a' 


du 


(a'  +  w)*  {b'  +  uf  {c'  +  uf 


1> (21), 


du 


{a'  +  u)--{b'  +  u)^{c'  +  u)K 

where  q  =  0  when  (x,  y,  z)  is  internal,  and  q  is  the  positive  root 
of  the  cubic  (18),  when  (a;,  y,  z)  is  external. 

Using  (21)  in  (20)  and  (17),  we  see  that 

„    3i)/  r*  du 

^^~i\     7^-^hK^       N^/3  -|(Xx-.}y4.Z.)...(22). 

*    Ji    {a- +  uf  (b^  +  u)~  {c^  +  u)- 

*  [An  equivalent  fonmila  appears  to  have  been  given  by  Plana  in  1810. 
(Todhuuter,  Hist,  of  Tli.  of  Attractions,  Vol.  ii.,  p.  433.)     H."^L.] 
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DiicrcMiion 
on  llic  at- 
tniction  of 
an  L-llt|)80id. 


494  o.  For  the  case  of  an  intornnl  |)oint  or  a  point  on 
the  surface,  by  jjutting  q  0,  we  full  back  on  the  ori^^nal  ex- 
pressions (16)  for  r,  and  the  proper  (litFeiential  coeliicients 
of  it  for  A',  }',  Z. 

Uhese  results  may  l)o  written  as  fnllows : 


jr=y  21X, 


r  = 


z 


3  ^^'  I 


*  -  =^  (^x*  +  U/  +  (Cz') 


h(23), 


where  <I>,  9,  U,  ©  are  constants,  of  which  <t  is  given  by  (12), 
or  (13),  or  (15),  and  the  others  by  (21)  with  g  -  0 ;  all 
expressed  in  terms  of  elliptic  integrals. 

It  follows  that  the  internal  equipotential  surfaces  are  concen- 
tric similar  ellipsoids  with  axes  proportional  to  ^  ,13  ,  «2F  '; 
and  that  the  internal  surfaces  of  equal  resultant  force  are  con- 
centric similar  ellipsoids  with  axes  proportional  to  SI"',  D~',  ®~'. 

The  external  equipotentials  are  tmiiscendental  plinthoids*  of 
an  interesting  character.  So  are  the  equipotentials  partly 
internal  (where  they  are  ellipsoidal)  and  external  (where  they 
are  not  ellipsoidal). 

It  is  interesting,  and  useful  in  helping  to  draw  the  external 
equipotentials,  to  rcmaik  the  following  relations  between  the 
internal  equipotentials,  the  external  equipotentials,  and  the 
surface  of  the  attracting  ellipsoid. 

(I)  The  external  equipotential  V  =  C  is  the  envelope  of 
the  series  of  ellipsoidal  surfaces  obtained  by  giving  an  infinite 
number  of  constant  values  to  q  in  the  equation 


(2)     This  envelope  is  cut  by  the  ellipsoidal  surface 


x'  v'  ^' 

+  ,'--  +  -. =  1 


^/9). 


a*  -f  7      V-^-q      C*+q 

•  From  Tr\ivdoti5r}f,  Lrick-like.  Plintlioid,  as  wc  now  u.sc  the  term,  denotes  as 
it  were  a  se.iworn  brick;  any  d^mo  with  three  rectangular  axes,  and  surfaces 
everywhere  convex,  snch  as  an  ellipsoid,  or  a  perfectly  symmetrical  bale  of 
cotton  with  slightly  rounded  sides  and  rounded  edges  and  corners.  One  extreme 
of  plinthoidiil  figure  is  a  rectangular  parallclepijxjd ;  another  extreme,  just  not 
excluded  by  our  definition,  is  a  figure  composed  of  two  equal  and  similar  right 
rectangular  pyramids  fixed  together  base  to  base,  that  is  a  "regular  octohedron. " 
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for  any  particular  value  of  q  in  the  line  along  which  it  is  Digression 
touched  by  the  particular  one  of  the  series  of  consecutive  tractioi'i  of 
ellipsoidal  surfaces  (/3)  corresponding  to  this  value  of  q. 

(3)  If  the  ellipsoidal  surface  {^)  be  filled  with  homogeneous 
matter,  the  complete  equipotential  for  any  particular  value  of 
C  is  composed  of  an  interior  ellipsoidal  surface  passing  tan- 
gentially  to  the  external  plinthoidal  (but  not  ellipsoidal)  surface 
across  the  transitional  line  defined  in  (2). 

It  is  easy  to  make  graphic  illustrations  for  the  case  of  ellip- 
soids of  revolution,  by  aid  of  §  527  below. 

494  p.     In  the    case   of   an    elliptic  cylinder,  which  is  im-  Attraction 

portant  in  many  physical  investigations,  replace  M  by  iirabc/S,  nitely  long 

,        ,  elliptic 

and  put  C  =  00  .  cyiinder. 


Thus  we  find 


X=  2Trabx 


i  — 


du 


{a'  +  uy(b'  +  u)^ 


^^^""^^  I   {a^  -.  uiib^  4-  u)-  K  -  b^)  Jib'  +  9) 


^4:^aby{a'  +  q)-J{b'+g)]x   1 

{a'-b'-)Jia'  +  q) 

4:Trabx 

^  J{<^'+q)Uior+q)+j{b^^q)] 

i^ab[J{a'^q)-J{b'-^q)-\y 
n  Jib' 
^iraby 


v..  (24). 


w 


here 


0  =  0,  when  —„-\-%-,<\; 
^  a^      b- 


and  q  is  the  positive  root  of  the  quadratic 


o  o  2  9 

+  ,V^^—  =-- 1,  when  -  +  y-^  >  1. 
a"      6 


a*  +  q      b^  +  q 


For  the  case  of  q  =  0,  that  is  to  say,  the  case  of  an  internal 
point,  (24)  becomes 

^^dr=--^^ (2o). 


a  +  b    a' 


a  +  b  b 


494  o.     For  the  magnitude  of  the  resultant  force  we  deduce  internal 

isod.viiamic 
surfaces  are 
similar  to 
I  bountl- 
;  surface. 

VOL.  n. 


%-^l)  (26);      t^i 
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Attraction  anfl    it   is    remarkable    that    this  is  constant  for  all  jioints  on 

of  an  infl-  ^  , 

f'lliptic  the    surface   of   the    elliptic    cylinder    — ,  +  ^-,=  1,  and  on  each 

cvlmder.  O         0 

similar  internal  surface,  and  that  its  values  on  different  ones 
of  these  surfaces  are  as  their  linear  magnitudes. 


cylinder. 


Potentiui  in  495  a.  At  any  point  of  zero  force,  the  potential  is  a  maximum 
c^not'hBve  or  a  minimum,  or  a  "minimxtx."  Now  from  §  492  (2)  it  follows 
or  minimum  that    the    potential   cannot   be   a   maximuna    or   a   minimum 

value:  .  .  »  ,-,.„.  ,  , 

at  a  point  in  tree  space.  i?or  it  it  were  so,  a  closed 
surface  could  be  described  about  the  point,  and  indefinitely 
near  it,  so  that  at  every  point  of  it  the  value  of  the  potential 
would  be  less  than,  or  greater  than,  that  at  the  point ;  so  that 
N  would  be  negative  or  positive  all  over  the  surface,  and  there- 
fore jjNda-  would  be  finite,  which  is  impossible,  as  the  surface 
encloses  none  of  the  attracting  mass. 

495  h.     Consider,  now,  a  point  of  zero  force  in  free  space  : — 


IS  a  mini- 


pJj^nt^of^  the  potential,  if  it  varies  at  all  in  the  neighbourhood,  must  be 
fn'f'Jr'^''  ^  minimax  at  the  point,  because,  as  has  just  been  proved,  it 
"^^^^  cannot  be  a  maximum  or  a  minimum.  Hence  a  material  parti- 
i:am!«iiaw'8  cle  placcd  at  a  point  of  zero  force  under  the  action  of  any 
unstai.ie  attracting  bodies,  and  free  from  all  constraint,  is  in  unstable 
lihrium.       equilibrium,  a  result  due  to  Earnshaw*. 

495  c.     If  the  potential  be  constant  over  a  closed  surface  which 

contains  none  of  the  attracting  mass,  it  has  the  same  constant 

value    throughout  the  interior.     For    if  not,  it  must  have    a 

maximum  or  a  minimum  value  somewhere  within  the  surface, 

which  (§  495,  a)  is  impossible. 

Mean  DO-         496.     The  mean  potential  over  any  sphericixl  surface,  due  to 

Shew^r  matter  entirely  without  it,  is  equal  to  the  potential  at  its  centre; 

\yx^       a  theorem  apparently  first  given  by  Gauss.     See  also  Camhndge 

cenU!'*'    Mathematical  Journal,  Feb.  1845  (Vol.  iv.  p.  225).     It  is  one  of 

the  most  elementary  propositions  of  spherical  harmonic  analysis, 

applied  to  potentials,  found  by  applying  App.  B.  (IC)  to  the 

formulae  of  §  539,  below.     But  the  following  proof  taken  from 

the  paper  now  refeiTcd  to  is  noticeable  as  independent  of  the 

harmonic  expansion. 

♦  Cambridge  Phil.  Tranf.,  March.  1839. 
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Let,  in  Chap.  l.  App.  A.  (a),  <S^  be  a   spherical  surface,  of  Mean  po- 
radius  a ;  and  let  U  he  the  potential  at  (x,  y,  z),  due  to  matter  a  spherical 
altogether  external  to  it ;    let    U'  be  the   potential  of  a  unit  equal  to 
of  matter  uniformly  distributed  through  a  smaller  concentric  centre. 


spherical  surface  ;  so  that,  outside  *S'  and  to  some  distance  within 

it,  U'  =  -  ;  and 
r 

(a)  (1)  becomes 


it,  U'  =  -  ;  and  lastly,  let  a  =  1.    The  middle  member  of  App.  A 


-  fjd Uda-  -  jjjU'V'Udxdi/dz, 

which  is  equal  to  zero,  since  V^Z7=0  for  the  whole  internal 
space,  and  (§  492)  JjdUdcr  —  0.  Equating  therefore  the  third 
member  to  zero  we  have 

JjdaUbU'^JJjUV'U'dxdydz. 

Now  at  the  surface,  S,  9Z7'  = ^  ;  and  for  all  points  external 

to  the  sphere  of  matter  to  which  U'  is  due,  V^U'  —  0,  and  for  all 
intei'nal  points  V^U'  —  —  iirp',  if  p'  be  the  density  of  the  matter. 
Hence  the  preceding  equation  becomes 

—^  J  J  Uda  -  i-n-  jjjp  Udx  dy  dz. 

Let  now  the  density  p  increase  without  limit,  and  the  spherical 
space  within  which  the  triple  integral  extends,  therefoi-e  become 
infinitely  small.  If  we  denote  by  U^  the  value  of  U  at  its  centre, 
which  is  also  the  centre  of  *S',  we  shall  have 

jjjp'Udxdydz=  UJJJp'dxdydz^  U,. 
Hence  the  equation  becomes 

47ra^  "' 

which  was  to  be  proved. 

The  following  more  elementary  proof  is  preferable : — 
imagine  any  quantity  of  matter  to  be  uniformly  distributed 
over  the  spherical  surface.  The  mutual  potential  (§  547  below) 
of  this  and  the  external  mass  is  the  same  as  if  the  matter  were 
condensed  from  the  spherical  surface  to  its  centre. 

497.     If  the  potential  of  any  masses  has  a  constant  value,  V,  Theorem  of 
through  any  finite  portion,  K,  of  space,  unoccupied  by  matter, 
it  is  equal  to  T  through  every  part  of  space  which  can  be  reached 

4—2 
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Theorem o(  in  any  way  without  passing  through  any  of  those  masses:  a 
pro>'cd.  very  remarkable  proposition,  due  to  Gauss,  proved  thus : — If 
the  potential  differ  from  V  in  space  contiguous  to  K,  we  may, 
from  any  point  C  within  K,  as  centre,  in  the  neighbourhood  of 
a  place  where  the  potential  differs  from  V,  describe  a  spherical 
surface  not  large  enough  to  contain  any  part  of  any  of  the 
attracting  masses,  nor  to  include  any  of  the  space  external 
to  K  except  such  as  has  potential  all  greater  than  V,  or  all 
less  than  V.  But  this  is  impossible,  since  we  have  just  seen 
(§  496)  that  the  mean  potential  over  the  spherical  surface 
must  be  V.  Hence  the  supposition  that  the  potential  differs 
from  Fin  any  place  contiguous  to  A" and  not  including  masses, 
is  false. 

488.  Similarly  we  see  that  in  any  case  of  symmetry  round 
an  axis,  if  the  potential  is  constant  through  a  certain  finite 
distance,  however  short,  along  the  axis,  it  is  constant  through- 
out the  whole  space  that  can  be  reached  from  this  portion  of 
the  axis,  without  crossing  any  of  the  masses.  (See  §  546,  below.) 

^/obieui  ^^^'     ^^^  ^  ^^  ^^y  finite  portion  of  a  surface,  or  a  complete 

closed  surface,  or  an  infinite  surface ;  and  let  E  be  any  point 
on  S.  (a)  It  is  possible  to  distribute  matter  over  5  so  as  to 
produce,  over  the  whole  of  S,  potential  equal  to  F{E),  any 
arbitrary  function  of  the  position  of  E.  (b)  There  is  only 
one  whole  quantity  of  matter,  and  one  distribution  of  it,  which 
can  do  this. 

In  Chap.  I.  App.  A»  (6)  (e),  etc.,  let  a  =  1.    By  (c)  we  see  that 
there  is  one,  and  that  there  is  only  one,  solution  of  the  equation 

V'U=0 

for  all  points  not  belonging  to  »S',  subject  to  the  coudition  that  f7 
shall  have  a  value  arbitrarily  given  over  the  whole  of  S.  Con- 
tinuing to  denote  by  U  the  solution  of  this  problem,  and  cou- 
sideriug  first  the  case  of  .S*  an  open  shell,  that  is  to  say,  a  finite 
portion  of  curved  surface  (including  a  plane,  of  course,  as  a  par- 
ticular case),  let,  in  Chap.  r.  App.  A.  (a),  U'  be  the  potential  at 
(x,  y,  z)  due  to  a  distribution  of  matter,  having  xs  (Q)  for  density 
at  any  point,  Q.  Let  the  triple  integration  extend  throughout 
iufiuite  space,  exclusive  of  the  infinitely  thin  shell  iS".    Although 
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in  the  investigation  referred  to  [App.  A.  (a)]  the  triple  integral  Green's 
extended  only  through  the  finite  space  contained  within  a  closed 
surface,  the  same  process  shows  that  we  have  now,  instead  of 
the  second  and  third  members  of  (1)  of  that  investigation,  the 
following  equated  expressions  : — 

i\d(TU'  {[dU]  -  {dU)}  -  fJJdxdydzUV'U 
=  IJdc7U{[dU']  -  (dU')}  -jjjdxdydzUV'U' 

where  [9  f7]  denotes  the  rate  of  variation  of  U  on  either  side  of 
S,  infinitely  near  JS,  reckoned  per  unit  of  length  from  S ;  and 
ipU)  denotes  the  rate  of  variation  of  U  infinitely  near  E,  on  the 
other  side  of  S,  reckoned  per  unit  of  length  towards  S ;  and 
[aZ7'],  (dW)  denote  the  sa.me  for  U'.  Now  we  shall  suppose  the 
matter  of  which  U'  is  the  potential  not  to  be  condensed  in  finite 
quantities  on  any  finite  areas  of  S,  which  will  make 

[dV]  =  {dU') : 

and  the  conditions  defining  U  and  U'  give,  throughout  the  space 
of  the  triple  integral, 

V'£r=0,  and  V'£7'  =  -47rOT; 

OT  denoting  the  value  of  -m  [Q)  when  Q  is  the  point  (x,  y,  s). 
Hence  the  preceding  equation  becomes 

l^duU'i^m-iCcUfi^-iiT^^jdxdydz-mU (1). 

Let  now  the  matter  of  which  U'  is  the  potential  be  equal  in 
amount  to  unity  and  be  confined  to  an  infinitely  small  space 
round  a  point  Q.     We  shall  have 

^^jdxdydzwU^  U{Q)JJjzudxdydz=  U {Q), 

if  we  denote  the  value  of  U  at  [Q)  by  U  (Q)  : 

also  ^'^m- 

Hence  (1)  becomes 

JflIEhp,..UUiQ). (2). 

Hence  a  distribution  of  matter  over  S,  having  reduced  to 

the  proper 
1  fteneral 

^'^m]-m} (3)    j^pt°ce-s°' 

equation. 

for  density  at  the  point  E,  gives  U  as  its  potential  at  (x,  y,  z). 
We  conclude,  therefore,  that  it  is  possible  to  find  one,  but  only 
one,  distribution  cf  matter  over  S  which  shall  produce  an  arbi- 
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trarily  given  potential,  F{E),  over  the  whole  of  S ;  and  in  (2) 
we  have  the  solution  of"  this  problem,  when  the  pi'oblem  of  find- 
inc  U  to  fulfil  the  conditions  stated  above,  has  been  solved. 

If  S  is  any  finite  closed  surface,  any  group  of  surfaces,  open  or 
closed,  or  an  infinite  surface,  the  same  conclusions  clearly  hold. 
The  triple  integration  used  in  the  investigation  must  tlien  be 
separately  carried  out  through  all  the  portions  of  space  separated 
from  one  another  by  «S',  or  by  portions  of  iS'. 

If  the  solution,  p,  of  the  problem  has  been  obtained  for  the  case 
in  which  the  arbitrary  function  is  the  potential  at  any  point  of  S, 
due  to  a  unit  of  matter  at  any  point  P  not  belonging  to  .9,  that 

is  to  say,  for  the  case  of  F  (E)  =-ppi  the  solution  of  the  general 

problem  was  shown  by  Green  to  be  deducible  from  it  thus : — 

U=JjpF{E)d<r (4). 

The  proof  is  obvious  :  For  let,  for  a  moment,  p  denote  the  super- 
ficial density  required  to  produce  U,  then  ^p  denoting  the  value 
of  ,p  for  any  other  element,  E',  of  *S',  we  have 

Hence  the  preceding  double  integral  becomes 

jjdapjjda  ^ ,   or  jjda'^pjjda-  ^^^ . 

But,  by  the  definition  of  p, 

P  1 


and  therefore 


^^"^"^ E'E~  E'P 


jjpF{E)d^  =  jjd<r'4. 


(5); 


E'P  (^)- 

The  second  member  of  this   is  equal   to    U,   according  to   the 
definition  of  p. 

The  expression  (46)  of  App.  B.,  from  which  the  spherical  har- 
monic expansion  of  an  arbitrary  function  was  derived,  is  a  case 
of  the  general  result  (4)  now  proved. 


Isolation  of      500.     It  is  important  to  remark  that,  if  *Si  consist,  in  part,  of 
closed  jxr-   a  closed  surface,  Q,  the  determination  of  U  within  it  will  be 

tion  of  . 

BurfMc^        independent  of  those  portions  of  S,  if  any,  which  lie  without 

it ;    and,  vice  versa,  the  determination  of  If  through  external 
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space  will  be  independent  of  those  portions  of  *S*,  if  any,  which  isolation  of 
lie  within    Q.     Or   if  S  consist,  in   part,    of  a  surface  Q,  ex-  closed  por- 
tending   infinitely    in   all   directions,   the  determination  of   £/"  surface, 
through  all  space  on  either  side  of  Q,  is  independent  of  those 
portions  of  S,  if  any,  which  lie  on  the  other  side.     This  follows 
from  the   preceding  investigation,   modified   by  confining   the 
triple  integration  to  one  of  the  two  portions  of  space  separated 
completely  from  one  another  by  Q. 

501.     Another  remark   of   extreme   importance  is  this : — If  Gree»'8 

1        •  II  r      f  problem ; 

F(E)  be  the  potential  at  ^  of  any  distribution,  M,  of  matter,  applied  to  a 
and  if  S  be  such  as  to  separate  perfectly  any  portion  or  portions  ^'[^^"'j^^^  °^ 
of  space,  H,  from  all  of  this  matter ;  that  is  to  say,  such  that  ^^'  i^^^^'.'^' 
it  is  impossible  to  pass  into  //  from  any  part  of  M  without  ^JJf^^'^K  s'^" 
crossing  S;  then,  throughout  H,  the  value  of  U  will  be  the 
potential  of  M. 

For  if  F denote  this  potential,  we  have,  throughout  ZT,  V"F=  0; 
and  at  every  point  of  the  boimdary  of  ff,  V-F(E).  Hence, 
considtring  the  theorem  of  Chap.  i.  App.  A.  (c),  for  the  space  H 
alone,  and  its  boundary  alone,  instead  of  *S',  we  see  that,  through 
this  space,  V  satisfies  the  conditions  prescribed  for  U,  and  there- 
fore, through  this  space,  U  =  V. 

Solved  Examples.    (1)  Let  M  be  a  homogeneous  solid  ellip- 
soid ;  and  let  S  be  the  bounding  surface,  or  anv  of  the  external 
ellipsoidal  surfaces    con  focal  with    it.     The    required   surface- 
density  is  proved  in  §  494  ^  to  be   inversely   proportional  to 
the  perpendicular  from  the  centre  to  the   tangent-plane ;    or, 
which  is  the  same,  directly  proportional  to  the  distance  between 
8  and  another  confocal  ellipsoid  surface  infinitely  near  it.     In 
other  words,  the  attraction  of  a  focaloid  (§  494  g,  foot-note)  of  virtually 
homogeneous  matter  is,  for  all  points  external  to  it,  the  same  theorem, 
as  that  of  a  homogeneous  solid  of  equal  mass  bounded  by  any  "" 
confocal  ellipsoid  interior  to  it. 

(2)     Let  M  be  an  elliptic  homoeoid  (§  494y,  foot-note)   of  Elliptic 
homogeneous    matter ;    and   let   S   be   any   external   confocal  an  example 
ellipsoidal    surface.      The    required    sui face-density    is    proved  the reduci- 
in  §  .519  below  to   be   directly    proportional    to   the    perpen- s.soo,  of 
dicular  from  the  centre  to  the  tangent-plane ;  and,  which  is  problem. 
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the  same,  directly  proportional  to  the  distance  between  S  and 
a  similar  concentric  ellipsoidal  surface  infinitely  near  it.  In 
other  words,  the  attractions  of  confocal  infinitely  thin  elliptic 
homoeoids  of  homogeneous  matter  arc  the  same  for  all  external 
points,  if  their  masses  are  equal. 

502.  To  illustrate  more  complicated  applications  of  §  501, 
let  aS  consist  of  three  detached  surfaces,  S^,  S^,  S,,  as  in  the 
diagram,  of  which  S^,  S^  are  closed,  and  S^  is  an  open  shell,  and  if 
F{E)  be  the  potential  due  to  M,  at  any  point,  E,  of  any  of  these 

portions  of  S;  then  throughout 
jEfj,  and  H^,  the  spaces  within 
<S',  and  without  S^,  the  value  of 
U  is  simply  the  potential  of  M. 
The  value  of  U  through  K,  the 
remainder  of  space,  depends,  of 
course,  on  the  character  of  the 
composite  surface  S,   and   is  a 

case  of  the  general  problem  of  which  the  solution  was  proved 

to  be  possible  and  single  in  Chap.  i.  App.  A. 

503.  From  §  500  follows  the  grand  proposition : — It  is 
possible  to  find  one,  but  no  othei'  than  one,  distributioii  of  matter 
over  a  surface  S  which  shall  produce  over  S,  and  throughout  all 
space  H  separated  by  S  from  every  part  of  ^f,  the  same  potential 
as  any  given  m,ass  M. 

Thus,  in  the  preceding  diagram,  it  is  possible  to  find  one, 
and  but  one,  distribution  of  matter  over  .S,,  S,,  S,  which  shall 
produce  over  5,  and  through  H^  and  77,  the  same  potential 
as  M. 

The  statement  of  this  proposition  most  commonly  made  is : 
Jt  is  possible  to  disti'ilyuie  matter  over  any  surface,  S,  completely 
enclosing  a  mass  M,  so  as  to  produce  the  same  poteixtial  as  M 
through  all  space  outside  S;  which,  though  seemingly  more 
limited,  is,  when  interpreted  with  proper  mathematical  com- 
prehensiveness, equivalent  to  the  foregoing. 

t^iniuitenr.        504.    If  <S  cousist  of  several  closed  or  infinite  surfaces,  S^,  S^,  S^, 

ous  electric  .  .  •       •      i         j  ir       zr       rr     r 

inniicnces     respectively  separating  certain  isolated  spaces  /i,,  n„,  Ji^,  trom 


General 

problem  of 

electric 

influence 

possible 

and  tleter- 

roinate. 
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//,  the  remainder  of  all  space,  and  if  F  [E)   be  the  potential  separated 
of  masses  m^,  m^,  m^,  lying  in  the  spaces  H^,  H^,  H^\  the  por-  thin"co°n^^^ 
tions  of  TJ  due  to  8^,  S^,  S^,  respectively  will  throughout  H  be  fa^s"'^*"""' 
equal  respectively  to  the  potentials  of  m^,  m^,  m^,  separately. 
For  as  we  have  just  seen,  it  is  possible  to  find  one,  but  only 


one,  distribution  of  matter  over  S^  which  shall  produce  the 
potential  of  m^,  throughout  all  the  space  H^,  H^,  H^,  etc.,  and 
one,  but  only  one,  distribution  jj 

over  S^  which  shall  produce  the 
potential  of  m^  throughout  H, 
H^,  H^,  etc.;  and  so  on.  But 
these  distributions  on  aS,,  S„, 
etc.,  jointly  constitute  a  distri- 
bution producing  the  potential 
F{E)  over  every  part  of  S,  and 
therefore  the  sum  of  the  })otentials  due  to  them  all,  at  any 
point,  fulfils  the  conditions  presented  for  U.  This  is  therefore 
(§  50n)  the  solution  of  the  problem. 

505.     Considering  still  the  case  in  which  F(E)  is  prescribed  Reducible 

o  .    ,  case  of 

to  be  the  potential  of  a  given  mass,  M:  let  S  be  an  equipotential  Gk^^^ 
surface  enclosing  M,  or  a  group  of  isolated  surfaces  enclosing 
all  the  parts  of  M,  and  each  equipotential  for  the  whole  of  M. 
The  potential  due  to  the  supposed  distribution  over  S  will  be 
the  same  as  that  of  M,  through  all  external  space,  and  will 
be  constant  (§  497)  through  each  enclosed  portion  of  space.  Its 
resultant  attraction  will  therefore  be  the  same  as  that  of  M  on 
all  external  points,  and  zero  on  all  internal  points.  Hence  we 
see  at  once  that  the  density  of  the  matter  distributed  over  it, 
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R-ducibie    to  Droduce  F(E),  is  equal  to  -.~  where  R  denotes  the  resultant 
caMi  o(  4;7r 

(Jrnen's  -  n   -ir  i  •  T^ 

Drobi.ni;     lurce  01  iw,  at  the  point  A 

We  have  [dU]  =  -Ii  and   (9^7)  =  0.     Using  this  in  §  500  (2), 
we  find  the  preceding  formula  for  tlie  required  surface-density. 
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506.  Considering  still  the  case  of  §§  501,  505,  let  S  be  the 
equipotential  not  of  M  alone,  as  in  §  505,  but  of  Af  and  another 
mass  m  completely  separated  by  it  from  .1/;  so  that  F-fv=  C 
at  S,  if  V  and  v  denote  the  potentials  of  M  and  m  respectively. 

The  potential  of  the  supposed  distribution  of  matter  on  S, 
which,  (§  501),  is  equal  to  V  through  all  space  separated  from  M 
by  S,  is  equal  to  C -v  at  S,  and  therefore  equal  to  C-« 
throughout  the  space  separated  from  m  by  S. 

Thus,  passing  from  potentials  to  attractions,  we  see  that  the 
resultant  attraction  of  S  alone,  on  all  points  on  one  side  of  it 
is  the  same  as  that  of  M ;  and  on  the  other  side  is  equal  and 
opposite  to  that  of  m.  The  most  direct  and  simple  complete 
statement  of  this  result  is  as  follows  : — 

If  masses  in,  m',  in  portions  of  space,  H,  H' ,  completely 
separated  from  one  another  by  one  continuous  surface  S,  whether 
closed  or  infinite,  are  known  to  produce  tangential  forces  equal 
and  in  the  same  direction  at  each  point  of  S,  one  and  the  same 
distribution  of  matter  over  S  will  produce  the  force  of  vi 
throughout  H',  and  that  of  m    throughout  H.     The  density  of 

this  distribution  is  equal  to  .—  ,  if  R  denote  the  resultant  force 

47r 

due  to  one  of  the  masses,  and  the  other  with  its  sign  changed. 

And  it  is  to  be  remarked  that  the  direction  of  this  resultant 

force  is,  at  every  point,  E,  of  S,  perpendicular  to  S,  since  the 

potential  due  to  one  mass,  and  the  other  with  its  sign  changed, 

is  constant  over  the  whole  of  (5?. 

Kxnmpies.  507.  Green,  in  first  publishing  his  discovery  of  the  result 
stated  in  §  505,  remarked  that  it  shows  a  way  to  find  an  in- 
finite variety  of  closed  surfaces  for  any  one  of  which  we  can 
solve  the  problem  of  determining  the  distribution  of  matter 
over  it  which  shall  produce  a  given  uniform  potential  at  each 
point  of  its  .surface,  and  consequently  the  same  also  throughout 
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its  interior.     Thus,  an  example  which  Green  himself  gives,  let  Reducible 

OJLSP  of 

Mhe  a.  uniform  bar  of  matter,  AA'.    The  equipotential  surfaces  Green's 
round  it  are,  as  we  have  seen  above  (§  481  c),  prolate  ellipsoids  examples', 
of  revolution,  each  having  A  and  A'  for  its  foci ;  and  the  re- 
sultant force  at  any  point  P  was  found  to  be 

mp 


I  (f  -  a')  ' 

the  whole  mass  of  the  bar  being  denoted  by  m,  and  its  length 

by  2a;   A'P+AP   by  21;   and   the   perpendicular  from   the 

centre  to  the  tangent  plane  at  P  of  the  ellipsoid,  by  p.     We 

conclude  that  a  distribution  of  matter  over  the  surface  of  the 

ellipsoid,  having 

1         mp 

:^  I  {I' -a') 

for  density  at  P,  produces  on  all  external  space  the  same  re- 
sultant force  as  the  bar,  and  zero  force  or  a  constant  potential 
through  the  internal  space.  This  is  a  particular  case  of  the 
Example  (2)  §  501  above,  founded  on  the  general  result  regard- 
ing ellipsoidal  homoeoids  proved  below,  in  §§  519,  520,  521. 

508.  As  a  second  example,  let  M  consist  of  two  equal  par- 
ticles, at  points  /,  /'.     If  we  take  the  mass  of  each  as  unity, 

the  potential  at  P  is  y-p  +  j^ ;  and  therefore 

ip'^rp~ 

is  the  equation  of  an  equipotential  surface ;  it  being  understood 
that  negative  values  of  IP  and  I'P  are  inadmissible,  and  that 
any  constant  value,  from  oo  to  0,  may  be  given  to  C.  The 
curves  in  the  annexed  diagram  have  been  drawn,  from  this 
equation,  for  the  cases  of  G  equal  respectively  to  10,  9,  8,  7,  6, 
5,  4-5,  4-3,  4-2,  41,  4,  3-9,  3-8,  37,  35,  3,  2-5,  2 ;  the  value  of 
//'  being  unity. 

The  corresponding  equipotential  surfaces  are  the  surfaces 
traced  by  these  curves,  if  the  whole  diagram  is  made  to  rotate 
round  //'  as  axis.  Thus  we  see  that  for  any  values  of  G  less 
than  4  the  equipotential  surface  is  one  closed  surface.    Choosing 
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biein:-tx-  equal   to   -jr=x  and    -,  ^  in   the  lines  PI  and  PI'.     Then  if 
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matter  be  distributed  over  this  surface,  ^vith  density  at  P  equal 

R    . 

to  — ,  its  attraction  on  any  internal  point  will  be  zero ;  and  on 

any  external  point,  will  be  the  same  as  that  of  /and  /'. 

509.  For  each  value  of  C  greater  than  4,  the  equipotential 
surface  consists  of  two  detached  ovals  approximating  (the  last 
three  or  four  in  the  diagram,  very  closely)  to  spherical  surfaces, 
with  centres  lying  between  the  points  /  and  /',  but  approxi- 
mating more  and  more  closely  to  these  points,  for  larger  and 
larger  values  of  C. 

Considering  one  of  these  ovals  alone,  one  of  the  series  en- 
closing /',  for  instance,  and  distributing  matter  over  it  according 

to  the  same  law  of  density,  -r-  ,  we  have  a  shell  of  matter 

which  exerts  (§  507)  on  external  points  the  same  force  as  /';  and 
on  internal  points  a  force  equal  and  opposite  to  that  of  7. 
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510.  As  an  example  of  exceedingly  great  importance  in  the  Electric 
theory  of  electricity,  let  M  consist  of  a  positive  mass,  m,  con- 
centrated at  a  point  /,  and  a 
negative  mass,  —  m,  at  /';  and 
let  S  he  a.  spherical  surface 
cutting  II\  and  //'  produced 
in  points  A,  A^,  such  that 
IA:Ar:.IA,:rA/.:m.m'. 
Then,  by  a  well-known  geo- 
metrical proposition,   we   shall  have  IE  :  I'E  ::  m  :  m';    and 

therefore 

m  _  m 

ie~Te' 

Hence,  by  what  we  have  just  seen,  one  and  the  same  distribu- 
tion of  matter  over  S  will  produce  the  same  force  as  m  through 
all  external  space,  and  the  same  as  m  through  all  the  space 

within  8.     And,  finding  the  resultant  of  the  forces  yw2  ^^  ^^> 

IE 

nrn 

and  j,^  in  I'E  produced,  which,  as  these  forces  are  inversely 
as  IE  to  TE,  is  (§  256)  equal  to 

m        -rr,  m^II'     1 

11  ,   or 


IE\rE       '  m'      lE^' 

we  conclude  that  the  density  in  the  shell  at  E  is 

mUI'    J_ 
47rm'  •  IE' ' 

That  the  shell  thus  constituted  does  attract  external  points  as 
if  its  mass  were  collected  at  /',  and  internal  points  as  a  certain 
mass  collected  at  /,  was  proved  geometrically  in  §  474  above. 

511.     If  the  spherical  surface  is  given,  and  one  of  the  points, 

GA^ 


I,  r,  for  instance  7,  the  other  is  found  by  taking  CI'  = 
and  for  the  mass  to  be  placed  at  it  we  have 


CI 


I'A      GA       cr 

Hence  if  we  have  any  number  of  particles  m^,  wj^,  etc.,  at  points 
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/, ,  /,,  etc.,  situated  without /S,  we  may  find  in  the  same  way 
corresponding  internal  points  /,',  I^,  etc.,  and  masses  m,',  m,', 
etc.;  and,  by  adding  the  e.xpressions  for  the  density  at  E  given 
for  each  pair  by  the  preceding  formula,  we  get  a  spherical  shell 
of  matter  which  has  the  property  of  acting  on  all  external  space 
with  the  same  force  as  —m,^,  —tnj,  etc.,  and  on  all  internal 
points  with  a  force  equal  and  opposite  to  that  of  ?«,,  m^,  etc. 

512.  An  intinite  number  of  such  particles  may  be  given, 
constituting  a  continuous  mass  J/;  when  of  course  the  corre- 
sponding internal  particles  will  constitute  a  continuous  mass, 
—  M',  of  the  opposite  kind  of  matter ;  and  the  same  conclusion 
will  hold.  If  S  is  the  surface  of  a  solid  or  hollow  metal  ball 
connected  with  the  earth  by  a  fine  wire,  and  M  an  external 
influencing  body,  the  shell  of  matter  we  have  determined  is 
precisely  the  distribution  of  electricity  on  S  called  out  by  the 
influence  of  M:  and  the  mass  —M',  determined  as  above,  is 
called  the  Electric  Image  of  M  in  the  ball,  since  the  electric 
action  through  the  whole  space  external  to  the  ball  would  be 
unchanged  if  the  ball  were  removed  and  -  M'  properly  placed 
in  the  space  left  vacant.  We  intend  to  return  to  this  subject 
under  Electricity. 

513.  Irrespectively  of  the  special  electric  application,  tliis 
method  of  images  gives  a  remarkable  kind  of  transformation 
which  is  often  useful.  It  suggests  for  mere  geometry  what 
has  been  called  the  transformation  by  reciprocal  radius-vectors ; 
that  is  to  say,  the  substitution  for  any  set  of  jioints,  or  for  any 
diagram  of  lines  or  surfaces,  another  obtained  by  drawing  radii 
to  them  from  a  certain  fixed  point  or  origin,  and  measuring  off" 
lengths  inversely  proportional  to  these  radii  along  their  direc- 
tions. We  see  in  a  moment  by  elementary  geometry  that  any 
line  thus  obtained  cuts  the  ratlins- vector  through  any  point  of 
it  at  the  same  angle  and  in  the  same  plane  as  the  line  from 
which  it  is  derived.  Hence  any  two  lines  or  surfaces  that  cut 
one  another  give  two  transformed  lines  or  surfaces  cutting  at 
the  same  angle:  and  infinitely  small  lengths,  areas,  and  volumes 
transform  into  others  whose  magnitudes  are  altered  respectively 
in  the  ratios  of  the  first,  second,  and  third  powers  of  the  distances 
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of  the  latter  from  the  origin,  to  the  same  powers  of  the  distances  Ti-ans- 
of  the  former  from  the  same.     Hence  the  lengths,  areas,  and  by™cipro- 
volumes  in   the  transformed   diagram,  corresponding  to  a  set  vectors. 
of  given  equal  infinitely  small  lengths,  areas,  and  volumes,  how- 
ever situated,  at  different  distances  from   the  origin,  are  in- 
versely as  the  squares,  the  fourth  powers  and  the  sixth  powers 
of  these  distances.     Further,  it  is  easily  proved  that  a  straight 
line  and  a  plane  transform  into  a  circle  and  a  spherical  surface, 
each  passing  through  the    origin  ;    and  that,  generally,  circles 
and  spheres  transform  into  circles  and  spheres. 

514.  In  the  theory  of  attraction,  the  transformation  of 
masses,  densities,  and  potentials  has  also  to  be  considered. 
Thu.s,  according  to  the  foundation  of  the  method  (§  512),  equal 
masses,  of  infinitely  small  dimensions  at  different  distances 
from  the  origin,  transform  into  masses  inversely  as  these  dis- 
tances, or  directly  as  the  transformed  distances  :  and,  therefore, 
equal  densities  of  lines,  of  surfaces,  and  of  solids,  given  at  any 
stated  distances  from  the  origin,  transform  into  densities  directly 
as  the  first,  the  third,  and  the  fifth  powers  of  those  distances ; 
or  inversely  as  the  same  powers  of  the  distances,  from  the 
origin,  of  the  corresponding  points  in  the  transformed  system. 

515.  The   statements   of  the  last   two   sections,   so  far  as  General 
proportions    alone   are  concerned,    are    most    conveniently  ex-  of^osf 
pressed  thus : — 

Let  P  be  any  point  whatever  of  a  geometrical  diagram,  or 
of  a  distribution  of  matter,  0  one  particular  point  ("  the 
origin  "),  and  a  one  particular  length  (the  radius  of  the  "  reflect- 
ing sphere").  In  OP  take  a  point  P',  corresponding  to  P,  and 
for  any  mass  m,  in  any  infinitely  small  part  of  the  given  dis- 
tribution, place  a  mass  m  ;  fulfilling  the  conditions 

^„,       a"  ,       a  OP' 

Then  if  L,  A,  V,  p{L),  p{A),  p{V)  denote  an  infinitely  small 
length,  area,  volume,  linear-density,  surface-density,  volume- 
density  in  the  given  distribution,  infinitely  near  to  P,  or 
anywhere  at  the  same  distance,  r,  from  0  as  P,  and  if  the 
corresponding  elements  in  the    transformed    diagram    or    dis- 
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tribution  be  denoted  io  the  same  way  with    the   addition    of 
accents,  we  have 

a^  ?•'*  a*  r'*  a*  r'" 


p{L)  =  ^p{L)=''-p{L)-p{A)='^,p{A)='^,p{A); 

The  usefulness  of  this  transformation  in  the  theory  of  electricity, 
and  of  attraction  in  general,  depends  entirely  on  the  following 
theorem  : — 

Application      516.    {Theorem) — Let  </>  denote  the  potential  at  P  due  to 
potential,     the  given  distribution,  and  <^'  the  potential  at  P   due  to  the 
transformed  distribution  :  then  shall 

<^'  =  -</>  =  -/  <^- 
a         r 

Let  a  mass  m  collected  at  /  be  any  part  of  the  given  dis- 
tribution, and  let  m  at  /' 
JL  be  the  corresponding  part 

in  the  transformed  distri- 
butidu.     Wc  have 

a*^or.oi  =  op.  OP, 

and  therefore 
01  :  OP  ::  OP'  :  01'; 


r  I 

which  shows  that  the  triangles  IPO,  PTO  are  similar,  so  that 

IP  :  PT   ::  J  OlTOP  :  J  OP.  OP  ::  OI.OP:a\ 
We  have  besides 

and  therefore 


VI 


VI 


01  :   a, 


IP  '  IP' 


^.::a:  OP 


Hence  each  term  of  </>  bears  to  the  corresponding  term  of  </>' 
the  same  ratio ;  and  therefore  the  sum,  <f>,  must  be  to  the  sum, 
<f>',  in  that  ratio,  as  was  to  be  proved. 
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517.     As   an    example,    let  the  given    distribution    be  con-  Anydistri- 

.  ii/->i-  ^  •       IJution  on  u 

fined  to  a  spherical  surface,  and  let  U  be  its  centre  and  a  its  spherical 
radius.     The  transformed  distribution  is  the  same.     But    the 
space  within  it  becomes  transformed   into  the  space   without 
it.     Hence  if  (f)  be  the  potential  due  to  any  spherical  shell  at 
a  point  P,  within  it,  the  potential  due  to  the  same  shell  at  the 

■2 

point  P'  in  OP  produced  till  OP'  =  jr-p ,    is  equal   to    ^yjJ>  4* 

(which  is  an  elementary  proposition  in  the  spherical  harmonic 
treatment  of  potentials,  as  we  shall  see  presently).  Thus,  for 
instance,  let  the  distribution  be  uniform.  Then,  as  we  know 
there  is  no  force  on  an  interior  point,  0  must  be  constant;  and 
therefore  the  potential  at  P',  any  external  point,  is  inversely 
proportional  to  its  distance  from  the  centre. 

Or  let  the  given  distribution  be  a  uniform  shell,  ;S',  and  let  0  uniform 
be  any  eccentric  or  any  external  point.  The  transformed  dis-  tr'icaii^^'fe-" 
tribution  becomes  (§§  513,  514)  a  spherical  shell,  S',  with 
density  varying  inversely  as  the  cube  of  the  distance  from  0. 
If  0  is  within  S,  it  is  also  enclosed  by  S',  and  the  whole  space 
within  S  transforms  into  the  whole  space  without  S'.  Hence 
(§  516)  the  potential  of  ^'  at  any  point  without  it  is  inversely 
as  the  distance  from  0,  and  is  therefore  that  of  a  certain  quan- 
tity of  matter  collected  at  0.  Or  if  0  is  external  to  S,  and 
consequently  also  external  to  S',  the  space  within  S  transforms 
into  the  space  within  S'.  Hence  the  potential  of  S'  at  any 
point  within  it  is  the  same  as  that  of  a  certain  quantity  of 
matter  collected  at  0,  which  is  now  a  point  external  to  it. 
Thus,  without  taking  advantage  of  the  general  theorems 
(§§  499,  506),  we  fall  back  on  the  same  results  as  we  inferred 
from  them  in  §  510,  and  as  we  proved  synthetically  earlier 
(§§  471,  474,  475).  It  may  be  remarked  that  those  svnthetical 
demonstrations  consi.st  merely  of  transformations  of  Newton's 
demonstration,  that  attractions  balance  on  a  point  within  a 
uniform  shell.  Thus  the  first  of  them  (§  471)  is  the  image  of 
Newton's  in  a  concentric  spherical  surface ;  and  the  second  is 
its  image  in  a  spherical  surface  having  its  centre  external  to 
the  shell,  or  internal  but  eccentric,  according  as  the  first  or  the 
second  diagram  is  used. 

VOL.  11.  .  5 
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TTnifnrm  ^18.     "Wc  sliiill  givo  just  one  other  application  of  llic  tlicorem 

crl'.'i.tn-*"' of  §  51G  at  present,  but  much  use  of  it  will  be  made  later,  in 
flect<d?       the  theory  of  Electricity. 

Let  the  given  distribution  of  matter  be  a  uniform  solid 
spliere,  B,  and  let  0  be  external  to  it.  The  transformed  system 
Avill  be  a  solid  sphere,  B',  with  density  varying  inversely  as 
the  fifth  power  of  the  distance  from  0,  a  point  external  to  it. 
The  potential  of  B  is  the  same  throughout  external  space  as 
that  due  to  its  mass,  m,  collected  at  its  centre,  C.  Hence  the 
potential  of  B'  through  space  external  to  it  is  the  same  as  that 
of  the  corresponding  quantity  of  matter  collected  at  C,  the 
transformed  position  of  C.  This  quantity  i;3  of  course  equal 
to  the  ma«s  of  B'.  And  it  is  easily  proved  that  C  is  the  posi- 
tion of  the  image  of  0  in  the  spherical  surface  of  B'.  We 
conclude  that  a  solid  sphere  with  density  varying  inversely 
as  the  fifth  power  of  the  distance  from  an  external  point,  0, 
attracts  any  external  point  as  if  its  mass  were  condensed  at 
the  image  of  0  in  its  external  surface.  It  is  ea.sy  to  verify 
this  for  points  of  the  axis  by  direct  integration,  and  thence  the 
general  conclusion  fcjllows  according  to  §  490. 

Second  in-        519.     One   other  application   of  Green's   great   theorem    of 

vf^tiKiilion  ,  r>      1       1  -111  1 

ofaiinic-     8  .503,  showiniT  us  a  way  to  find  the  potential  and  the  resultant 
tion  or         •;  '^  .  ...  .  ,         *         1 ,  •     .     1  •  J    f 

ellipsoid,      force  at  any  pomt  within  or  without  an  elhptic  homoeoid,  trom 

which  we  are  led  to  a  second  very  interesting  solution  of  the 
problem  of  finding  the  attraction  of  an  ellipsoid  ditTeiing 
greatly  from  that  of  §  4-94,  we  shall  now  give. 

An  elliptic  homoeoid  exercises  no  force  on  internal  points. 

Elliptic  To  prove  this,  let  the  infinitely  thin  spherical  shell  of  §  462, 

< ii'ri!!  zl'ro   imagined  as  bounded  by  concentric  spherical  surfaces,  be  dis- 

int'.Timi       torted   (§§  158,   100)   by  simple  extensions  and    compressions 

'^"'  in    three    rectangular   directions,    so   as  to  become  an  elliptic 

homoeoid.     In   this  distt»rted  form,  the  volumes  of  all  parts  are 

diminished  or  increased  in  the  proportion  of  the  volume  of  the 

illijtsuid  to  the  volume  of  the  spliere;  and  (§  loS)  the  ratio  ot 

the;  lines  IIP,  PK  is  unalteretl.     lltuce  the  elements  ///,  K L, 

still  attract  P  equally  ;  and  therefore,  as  in  §  462,  we  conclude 

that  the  resultant  force  on  an  internal  jjoint  is  zero. 
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It  follows  immediately  that  the  attraction  on  any  point  theorem 
in  tlie  hollow  space  within  a  homoeoid  not  infinitely  thin  is  Newton. 
zero.     This  proposition  is  due  originally  to  Newton. 

520.  In  passing  it  may  be  remarked  that  the  distribution  of  Distribu- 
electricity  on  an   ellipsoidal  conductor,  undisturbed  by  electric  piectricity 

•     n  -1  1  1  •  •  1  •  1       onollip- 

mriuence,  is   thus    proved  to   be  m  simple  proportion  to  the  soWai  con- 
thickness  of  a  homoeoid  coincident  with  its  surface,  and  there- 
fore (§  494,  foot-note)  directly  proportional  to  the  perpendicular 
from  the  centre  to  the  tangent  plane. 

521.  From  §   .519  and  §  478  it  follows  that  the  resultant  Force 

c  ,  1         •  1  ■     /•     •       1  11  -1  external  to 

[orce  on  an  external  point  anywhere  mnnitely  near  the  homoeoid  an  elliptic 
IS  perpendicular  to  the  suriace,  and  is  equal  to  ^ttI,  u  t  denote  found, 
the  thickness  of  the  shell  in  that  neighbourhood  (its  density 
being  taken  as  unity).  It  follows  also  from  §  519  that  the 
potential  is  constant  throughout  the  interior  of  the  homoeoid 
and  over  its  surface.  Hence  the  distance  from  this  surface 
to  another  equipotential  infinitely  near  it  outside  is  inversely 
proportional  to  t ;  and  therefore  (§  494)  this  second  surface 
is  ellipsoidal  and  confocal  with  the  first.  By  supposing  the 
proper  distribution  of  matter  (§  .505)  placed  on  this  second 
surface  to  produce  over  it,  and  through  its  interior,  its  uniform 
potential,  we  see  in  the  same  way  that  the  third  equipotential 
infinitely  near  it  outside  is  ellipsoidal  and  confocal  with  it ; 
and  similarly  again  that  a  fourth  equipotential  is  an  ellipsoidal 
surface  confocal  with  the  third,  and  so  on.  Thus  we  conclude 
that  the  equipotentials  external  to  the  orijnnal  homoeoid  are 
the  whole  series  of  external  confocal  ellipsoidal  surfaces. 

522      From  this  theorem   it  follows  immediately   that  any  Digression, 
two  confocal    homoeoids   of  equal    masses   produce    the    same  proof  of 
attraction  on  all  points  external  to  both.     And  from  this  (as  theorem. 

pointed  out  by  Chasles,  Journal  de  I'Ecole  Puhjtechmque,  25'" 
Cahier,  Paris,  1837)  follows  immediately  Maclaurin's  theorem 
thus : — Consider  two  thick  homoeoids  having  the  outer  surfaces 
confocal,  and  also  their  inner  surfaces  confocal.  Divide  one 
of  them  into  an  infinite  number  of  similar  homoeoids;  and 
divide  the  other  in  a  corresponding  manner,  so  that  each  of 
its  homoeoidal  parts  shall  be  confocal  with  the  corresponding 
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Digression,  one  of  the  first.     These  two  thick  homoeoids  produce  the  same 
nrocfof       force  OD  anv   point  external  to  both.     Now  lot  the  hollow  of 

Macliiurin's  ii  c  i  iiii  r     \  i  i 

theorem,  one  of  them,  and  therefore  also  the  hollow  ot  the  other,  become 
infinitely  small ;  we  have  two  solid  confocal  ellipsoids,  and  it  is 
proved  that  they  exert  the  same  force  on  all  points  external 
to  both. 

523.  A  hoautiful  geometric  proof  of  the  theorem  of  §  521 
due  to  Cha.sles,  is  given  below,  §  532.  The  proof  given  in 
§  521  is  from  Thom.son's  "  Electrostatics  and  Magnetism " 
(§  812,  reprinted  from  Camh.  Math.  Jour.,  Feb.  1842). 
The  theorem  itself  is  due  to  Poisson,  who  proved  (in  the  Con- 
naissance  des  Temps  for  1837,  published  in  1834*)  that  the 
resultant  force  of  a  homoeoid  on  an  external  point  is  in  the 
direction  of  the  interior  axis  of  the  tangential  elliptic  cone 
through  the  attracted  point  circumscribed  about  the  homoeoid; 
for  it  is  a  known  geometrical  proposition,  easily  proved,  that 
the  three  axes  of  the  tangential  cone  are  normal  to  the  three 
confocal  surfaces,  ellipsoid,  hyperboloid  of  one  sheet,  and  hyper- 
boloid  of  two  sheets,  through  its  vertex. 

524.  The  magnitude  of  the  resultant  force  is  equal  to  iirr, 
where  t  denotes  the  thickness  of  the  confocal  homoeoid  equal  in 
bulk  to  the  given  homoeoid. 

MBpiitndo  To    express    the    magnitude    and    direction  symbolic-iily,    let 

n'mi  of     '  abc  he  the  scnii-axos  of  the  given  homoeoid,  and  a/3y  those  of  the 

of.Tl'p'i''-  confocal  one  through  P  tlie  attracted  point  ;  and  let  p,   t  and 

on"'jtw'rnal  '♦''i  T  ''«  the  perponJiculars  from  the  centre  to  the  tangent  planes, 

pnss.'d''  aid  the  tliicknesse.s,  at  any  point  of  the  given  homoeoid,  and  at 

aiialjiicaliy  ^j^^  Y^xni  P  of  the  otlier.     The  volumes  of  the  two  horaoooids 
are  respectively 

.    AirabcVp,  and  iirafSyTim ; 
hence 

4irT  =  47r— -  -  ni (1), 

and  therefore  the  resultjint  force  is 

.     abc  t 

4T-,--t!7 (L>). 

•  See  Todhuntcr's  Uistortj  of  the  Mathematical  Theories  of  Attraction  and 
the  Figure  of  the  Kaith,  Vol.  ti.  Articles  13J1— lllo. 
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Supposino;  the  rectangular  co-ordinates  of  the  attracted  point  Magnitude 

'  '^  °  and  direo- 

xvz  civen  ;  to  find  aBy  we  have  tion  of 

^     *'  '  '^'  attraction 

s         2,\          02       72,    \.        2       „3,\  /o\  of  elliptic 

a*  =  a^  +  A;     (i   -^  b   +  k  ;    y=c+A {6),       homocoid 

on  external 

where  A  is  the  positive  root  of  the  equation  point,  ex- 

prcssfd 
rJ2  yi  ^  analytically. 

^+-a'*'6^'*'7TX^^ ^^^' 

these  equations  expressing  the  condition  that  the  two  ellipsoidal 
surfaces  are  confocal. 

To  complete  the  analytical  expression  remark  that 

CTX      my      mz  _. 

■^'  ^'  7 ^^^ 

are  the  direction-cosines  of  the  line  of  the  resultant  force. 


525.      To  find  the  potential  at  any  point  remark  that  the  Potential  ot 

•    1  r-     T  1  •  i  •    1  *"  elliptic 

difference  of  potentials  at  two  of  the  external  equipotential  sur-  homoeoid 
faces  infinitely  little  distant  from  one  another  is  (§  486)  equal  to  external  or 
the  product  of  the  resultant  force  at  any  point  into  the  distance  found.* 
between  the  two  equipotentials  in  its  neighbourhood.     Hence, 
taking  the  potential  as  zero  at  an  infinite  distance  (§  485),  we 
find   by  summation  (a  single  integration)  the  potential  at  any 
point  external  to  the  given  homoeoid.     Now  let 

aj±|c?x,     y'^^dy,     z^\dz 

be  the  co-ordinates  of  the  two  points  infinitely  near  one  another, 
on  two  confocal  surfaces.  The  distance  between  the  two  surfaces 
in  the  neighbourhood  of  this  point  is 

■mx               my                mz 
-5 — ^  dx  +  y^ — r  dy  +    „  — T-rfs (b). 

Let  now  the  squares  of  the  semi-axes  of  these  surfaces  be 
a'  +  A  ±  Uk ;     b-+k^  Uk  ■     c-  +  A ±  Uik. 

Now  by  differentiation  of  (4)  we  have 


/  xdji 


xdx         ydy  zdz  \ 

A"^  6va"^c-Ta; 

=^|(aN:Ar^(pTAr''(?TArr^^^  • ^^^- 


Hence  (G)  becomes  ^  , 
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I'otentinioi  Hcnce,  Jind  liy  §  525  above,  and  by  (2)  of  §  524  we  have 

ini  elliptic 

liomcy-oid  .7-    f 

found.  Ilenco,  and  by  (3)  of  §  524, 

abet   I                        d\ 
v=-.-2ir . J-  (9), 


where  co  denotes  that  the  constant  is  so  aasigned  as  to  render 
the  vahie  of  the  integral  zero  when  X  =  co  . 


■o* 


Synthesis  of  526.  Having  now  found  tlie  potential  of  an  elliptic  homoeoid, 
iiomocoids.  and  its  resultant  force  at  any  point  external  or  internal,  we 
can,  by  simple  integration,  find  the  potential  and  the  resultant 
force  of  a  homogeneous  ellipsoid,  or  of  a  heterogeneous  ellipsoid 
with,  for  its  surfaces  of  equal  density,  similar  concentric  ellip- 
soidal surfaces.  To  do  this  we  have  only  to  divide  the  ellipsoid 
into  elliptic  homoeoids,  and  find  the  potential  of  each  by  (9), 
and  the  potential  of  the  whcde  by  summation  ;  and  again  find 
the  rectangular  components  of  the  force  of  each  by  (2)  and  (5)  ; 
and  from  this  by  summation*  the  rectangular  components  of 
the  required  resultant. 

Let  abc  be  the  semi-axes  of  the  whole  ellii»soid.  Let  6a,  6b,  6c, 
be  the  semi-axes  of  the  middle  siu-face  of  one  of  the  interior 
homoeoids;  and 

(6  ±  hcl9)  a,     {6  =fc  ld6)  b,     (6  ±  hW)  c 

those  of  its  outer  and  inner  bounding  surfaces.  From  the 
general  definition  of  a  homoeoid,  elliptic  or  not,  it  follows  imme- 
diately that  tip  =  d6l6.  Let  now  p,  a  given  function  of  6,  be  the 
density  of  the  eUii)Soi(l  in  tht^  htmioeoidal  stratum  corresponding 
to  6.  Ifence  by  (9)  rememberiug  tliat  the  density  there  was 
taken  as  unity,  and  putting  6a,  6b,  6c  in  place  of  a,  b,  c,  we  find 
for  the  potential  of  the  homoeoid  ^=»=i(/^  the  following  expres- 
sion, 

-27rabc6'ndd  r 1 ^^^-i i (10), 

L{0'a'+  0*  {6'b'  +  Cr  (^V  +  0^ 
•  ChaslcB,  "Nouvello  solution  du  problt^me  dc  I'attraction  d'un  ellipsoide 
b<5t<5rog6ne  Bur  un  point  extiirieiir"  (Liouville's  Journal,  Dec.  1840).  Also  W. 
Thomson,  "  On  the  Uniform  Motion  of  Heat  in  Solid  Bodies,  and  its  connection 
with  the  Mathematical  Theory  of  Electricity,  Electrostatics  and  Magnetism," 
§  21 — 24.     (Reprinted  from  Cambridge  Mathematical  Journal,  Feb.  1842.) 
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where  t  is  introduced  as  the  variable  of  the  definite  integration,  Synthesis  of 

■n    T'-  concentric 

because  A.  is  presently  to  be  made  a  function  of  0.     Hence  if   v  homoeoids. 
denote  the  potential  of  the  whole  ellipsoid,  we  have 

r=-27rabcC  6yd9  r r — 1 1 (H). 

where  X  is  a  function  of  6  given  by  the  equation 


a;' 


+ 


r 


+ 


.(12). 


eV  +  A      6'b'  +  X     b'd'  +  X 
The  expression  (11)  is  simi)lified  by  introducing,  instead  of  9 
or  A,  another  variable  A/6*.     Calling  this  u,  so  that 

\^6'~u  (13), 

we  have  by  (12) 


X 


B'=-:—  + 


y 


+ 


a^  +  u     b^  +  u     c^  +  u 
By  differentiation  of  (12)  we  have 


(14). 


X 


r 


d(6')  \Jar^uy  '  {b'  +  uf  '  {c'  +  uy 


=  J 


2     2 

ax 


by 


c  z 


1 


—  u 


And  from  (13)  du  =  ^^    ^ 
Whence,  on  using  (14),  we  find 


dX 


l{a'+uy     (b'+uf     (c'+uy_ 
d{6"'). 


Potential 
of  hetero- 
geneous 
ellipsoid 


-  26dd = 


X 


+ 


r 


cLu. 


_{a'  +  uy    {b'  +  uy    {c'  +  uy^ 

Then  changing  the  variable  of  integration  in  the  function  under 
the  second  integral  sign  in  (11)  from  t,  to  t,/6\  and  writing  u  for 
^/6^,  we  find  by  means  of  these  transformations, 


irabc  I  pdu  {—n — 


r 


7,+ 


+  uy  {b'  +  uy  {c 


+ ^)rl 


du 


<.{a'+uf{b'  +  u)^{<f+uf 


\i/ 


.(15), 


where  q  is  the  positive  root  of  the  equation 


X 


ir 


+ 


=  1 


.(IC). 


a^  +  q      b'  +  q      c'  +  q 

For  the  case  of  uniform  density  in  which  we  may  put  p  =  1, 
tliis  becomes  simplified  by  integration  by  parts,  thus  : 


I'l 
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roU-ntinl 
of  homo- 

gl'llWlllJ* 

ellifisuid. 


Attrnction 
of  hpt«ro- 
(trncoiis 
ellipsoid. 


Putting  for  C  siicccssivf-ly  a*,  V,  c*,  usiug  the  result  iirojierly  in 
(15),  and  taking  account  of  (IG),  ami  putting 

-j7ra6c  =  J/    (17), 

we  find 

(18\ 

which  agrees  with  §  494  above. 

Just  as  we  have  found  (15),  we  find  from  (2),  (5),  (13),  and  (14), 
the  following  expression  for  the  ac-componeuts  of  the  resultant 
force  and  the  sjmmetricals  for  the  y-  and  s-coniponents : 

3J/.C  r"  pdu 


X= 


Mx  r 

2      Jq  (a«  +  M) 


(19), 


(a«  +  uf  (b'  +  u)*  (c*  +  «)* 
where  p,  a  function  of  6,  is  reduced  to  a  function  of  u  by  (14). 

For  the  case  of  a  homogeneous  ellipsoid  (p=  1),  these  results 
become  (20)  and  (21)  of  §  494.  As  there  they  were  for  external 
points  deduced  by  aid  of  Maclaurin's  theorem  from  the  attraction 
of  an  ellipsoid  on  a  j»oint  at  its  surface,  so  now  when  pioved  other- 
wise they  contain  a  proof  of  Maclaurin's  theorem.  This  we  see 
in  a  moment  by  putting  u  =  w  +  q  in  the  iiit<>grals,  whtch  makes 
the  limits  w  -i)  and  to=cc  . 

527.  In  the  case  of  a  homogeneous  cllip.soid  of  revolution 
the  integi-als  expressing  the  i)ott?ntial  and  the  force-comj)onents 
(which  for  a  homogeneous  ellipsoid,  in  general,  are  elliptic  inte- 
grals) are  reduced  to  algebraic  and  trigonometrical  forms,  thus : 
let  6  =  c  and  2  =i  0. 

We  have 

3.1/  r"  du  ,  ,  „       „  ,  .„^, 

-j-HAx+l'y) (20), 


V= 


f 

J<i 


'9    {b'  +  u){a'  +  uy 
3Af     r  du 


3M     f 

-2  U 


1  (ft*  +  n)  (a'  +  «)* 

2    ^j,  (6*  +  w)«(a*4-M)^ 
To  reduce  these  put 


(21). 


.(22); 
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which  reduces    the  three  iiuegraLs  to  2l{b--a^f.  jd$/{l-$')% 

2/{b'-a'f.j$'-d$l{l-ef-,   and  2/ (6^- a^)^  jiv^/ (1-^' 3  and 
makes  the  limits  in  each  of  them 


a' 


V 

We  thus  find  Potential 

_  ,,  .JO         o  and  altrac- 

F=-^^tan-'    /^"-HXx+ry)  (23),      ^^-^ 

\  '  ellipsoid  of 

_,,         ,        ,,,        2  ,-.2        o^  -\  revolution: 


.(24),        oblate: 


where,  for  any  external  point,  q  is  the  positive  root  of  the 
equation 

-^+;-j^=l (25), 

a  -^  q      h-  +  q  ^     ' 

X  and  y  denoting  the  co-ordinates  of  the  attracted  point  respec- 
tively along  and  perpendicular  to  the  axis  of  revolution,  and 
for  any  internal  point  or  for  points  on  the  surface  q  =  0. 

Formulas  (23)  and  (24)  realized  for  the  case  of  a  >  6  become 
2{a'-¥f  Jib'+q)  t^^^^+iy) K-^)>       prolate. 

ZM,,       ^^a^-hr{a^+q)-^     .      J  {a' -b')  ^  J  ja' ^  q)\  I  ^''^' 
2(a-ftfl  b^^q  -  J{b^  +  q)  /J 

The  structure  of  these  expressions  (23),  (24),  (26),  (27),  is 
elucidated,  and  calculation  of  results  from  them  is  facilitated 
by  taking 

•^=v/^''"^^-^(^^-"')=^ (28), 

y2          7  2 
-^ —  ,  and  ^(a*  -  6*)  =  s (29); 
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prolate.        wliicli  rcJuccs  tlioni  to  the  following  altornative  forms  : — 

V  =  l^^tan-/-  1  (A'x  +  ly)  =  ^^^og  ^ J  ^^  "  i  (Ax  +  )»  ...(30), 

Then,  for  determining  /  or  e,   in  the  case  of  an  external  point, 
(25)  becomes 

•^^(^'■'TT/O^"''  ^""^  ''('^*'"  l^h'' ^•^-^- 

In  the  case  of  an  internal  point  we  have 

/V^'-v/"-^' <->• 

528.  The  investigation  of  the  attraction  of  an  ellipsoid 
which  was  most  popular  in  England  40  to  50  years  ago  re- 
sembled that  of  §  494  above,  in  finding  the  attraction  of  an 
internal  point  by  direct  integration,  substantially  the  same  as 
that  of  §  494,  and  deducing  from  the  result  the  attraction  of 
an  external  point  by  a  special  theorem. 

Thini  in-         But  the  theorcm  then  popularly  used  for  the  purpose  was 
ortVio"^'""  not   Maclaurin's  theorem,    which    was   little    known,    strange 
ofnT  '""    to  say,  in  England  at  that  time;  it  was  Ivory's  theorem,  much 
ipsoi  .      j^^^  beautiful  and  simple  and  directly  suitable  for  tlie  purpose 
than  Maclaurin's,  but  still  a  very  remarkable  theorem,  curiously 
different  from  Maclaurin's,  and  in  one  respect  more  important 
and  comprehensive,  because,  as  was  shown  by  Poisson,  it  is 
not  confined   to  the  Newtonian  Law  of  Attraction,  but  holds 
for  force  varying  as  any  function  of  the  distance.     Before  enun- 
ciating Ivory's  theorcm,  take  his  following  definition  : — 

Corrr.spomi-  529.  Corresponding  points  on  two  confocal  ellipsoids  are 
oifwnfocai  auy  two  poiuts  which  coincide  when  either  ellipsoid  is  deformed 
dcliimi.       by  a  pure  strain  so  as  to  coincide  with  the  other. 

Jl-'ih^Koimi'  ^^^  connection  with  this  definition,  it  is  interesting  to  remark 
of"wiifocai    ^^^^^  ^^^^  point  on  the  surface  of  the  changing  clliiisoid  do- 
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scribes  an  orthogonal  trajectory   of  the  intermediate  series  of  ellipsoids -s 

.  ■  n     T     ■  ■LIZ'--         traL-etl  by 

confocal  ellipsoids  if  the  distortion  specined  in   the  dennition  any  point  of 

'^  „         a  coiifociilly 

is  produced  continuously  in  such  a  manner  that  the  sunace  ^i^istort'-d 
of  the  ellipsoid  is  always  confocal  with  its  original  figure.  soid: 

To  prove  this  proposition,  which  however  is  not  necessary  for  proof, 
our  present  purpose,  let  abc  be  the  semi-axes  of  the  ellipsoid  in 
one  configuration,  a.nd  Jia"" +  h),  J{b-  +  h),  J{c^  +  h)  iu  another. 
If  xyz  be  the  co-ordinates  of  any  point  P  on  the  surface  in  the 
first  configuration,  its  co-ordinates  in  the  second  configuration 
will  be 

"^'it,    '  y   h    '       G   ^  '- 

AVhen  h  is  infinitely  small  the  differences  of  the  co-ordinates  of 
these  points  are 

1    7     •'«  1    7       y  17^ 

^    a^'     ^    F'      ^    ?' 
Hence  the  direction-cosines  of  the  line  joining  them  are  propor- 
tional to   x/a^,  y!¥,  z/c^,  and    therefore  it  coincides    with  the 
normal  to  the  two  infinitely  nearly  coincident  surfaces. 

530.     The    property  of  correspondinsj    points    (essential   for  ivory's 

r      r        J  1  o     1  N  Lemma  on 

Ivory's  theorem,  and  for  Chasles',  S  532  below)  is  this  : —  correspond- 

•^  "^  '  iiif;  points. 

If  P,  P'  be  any  two  points  on  one  ellipsoid,  and  Q,  Q'  the 
corresponding  points  on  any  confocal  ellipsoid,  PQ'  is  equal 
to  P'Q. 

To  prove  this,  let  xyz  be  the  co-ordinates  of  P,  and  x'y'z' 
those  of  P'.     Taking  (32)  as  the  co-ordinates  of  Q,  we  find 


P 


=  X'^  -  2XX'J"^  H-  X^  (l  +  |,)  +  ic. 

Now  because  (x,  i/,  z)  is  on  the  ellipsoidal  surface  (a,  b,  c),  we 

have 

x'     f     z'     , 
+  "i-  -I =  1 

a       0"      c 

Hence  the  preceding  becomes 

FQ^=x'^^y--^z^-2(^xx  J^'^+yy' J^'^^^^ 
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This  is  symmetrical  in  respect  to  xyz  and  x'l/'z,  and  so  the 
pi-oposition  is  proved. 

531.  The  following  is  Ivory's  Theorem  : — Let  P'  and  P  be 
corresponding  points  on  the  surfaces  of  two  homogeneous  con- 
focal  ellipsoids  (a,  b,  c)  (a,  h',  c') ;  the  a:-c<^mp(>nent  of  the 
attraction  of  the  ellipsoid  abc  on  the  point  P  is  to  the  ar-com- 
ponent  of  the  attraction  of  the  ellip.soid  a'b'c  on  the  point  P  as 
be  is  to  b'c. 

Let  X,  y,  z  be  the  co-ordinates  of  P,  the  attracted  point ; 
»  ^>  "']■>  t  »  co-ordinates  of  any  point  of  the  mass  ; 
,,       D  ,,       distance  between  the  two  points ; 

„   F  {D)  d^di-jdt,  be   the    attraction   of  the    elemental   mass 
d^dridl,  at  (^,  Tf,  l),  on  (x,  y,  z); 

Let  X  be  the  a;-component  of  the  attraction  of  the  whole  ellip- 
soid (a,  b,  c)  on  {x,  y,  z). 

We  have 


iB^ 


X  =  jjjd^drjd^F  {Dfj^  ^  =  jjjdidr)d^F(D)  X  (-  '^^  ^ 

=  jjd7]d^j-F{D)dD. 

Now  F(D)  being  any  function  of  D,  let 
\F{D)dD  =  -^{D); 


/^ 


and  let  F,  G  be  the  positive  and  negative  ends  of  the  bar  drjd( 
of  the  ellipsoid,  that  is  to  say,  the  points  on  tlie  positive  and 
negative  sides  of  the  piano  yoz  in  which  the  surface  of  the 
ellipsoid  is  cut  by  the  line  jiarallel  to  ox,  having  7;^  for  its  otlicr 
co-ordinativs.  The  propor  limits  being  assigned  to  the  /?-intcgra- 
tion  in  the  fuiinula  for  A'  above  being  assigned,  we  lind 


X^fjd.idC{^{F/')-^{GP)\. 


Now  k't  F'(j"  be  points  on  a  confoc.-il  cllip.soid;il  surface 
(a',  b\  c)  through  /',  corresponding  to  E  and  G  on  the  surface  of 
the  given  ellipsoid  (a,  b,  c);  and  let  P"  be  the  jwint  on  the  fii-st 
ellipsoidal  surface  corresponding  to  /'  on  the  second.  The  y-  z- 
co-ordinatca  cuninion  to  E'G'  are  resj>cctivcly  b',b  .  »;  and  c  jc .  C; 
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and  by  lemma  EP  =  E'P'  and  GP=  G'P'.  Hence  if  we  change 
from  -qt,,  as  valuables  for  the  double  integration  in  the  preceding 
formula  for  X,  to  -q't,',  we  find 

X~  jjd-n'dC  {^  {ET')  -  ^  {GF)], 

which  is  Ivory's  theorem, 

532.  Two  confocal  homoeoids  of  equal  masses  being  given,  chasips' 

1  .if.ir>  •  -Tt       c     t  [•  PI       comparison 

the  potential  of  the  first  at  any  point,  r,  oi  the  surface  of  the  betw.-™ 

T         ^^'^  poten- 

second,  is  equal  to  that  of  the  second    at   the    corresponding  tiais  of  two 
point,  P',  on  the  surface  of  the  first.  homoeoids. 

Let  E  be  any  element  of  the  first  and  E'  the  corresponding 
element  of  the  second.  The  mass  of  each  element  bears  to  the 
mass  of  the  whole  homoeoid  the  same  ratio  as  the  mass  of  the 
corresponding  element  of  a  uniform  splierical  shell,  from  which 
either  homoeoid  may  be  derived,  bears  to  the  whole  mass  of 
the  spherical  shell.  Hence  the  mass  of  jE"  is  equal  to  the  mass 
of  E' ;  and  by  Ivory's  lemma  (§  530)  PE  =  P'E.  Hence  the 
proposition  is  true  for  the  parts  of  the  potential  due  to  the 
corresponding  elements,  and  therefore  it  is  due  for  the  entire 
shells. 

This  beautiful  proposition  is  due  to  Chasles.     It  holds,  what-  proof  of 
ever  be  the  law  of  force.     From  it,  for  the  case  of  the  inverse  theorem" 
square  of  the  distance,  and  from  Newton's  Theorem  for  this  aunfction 
case  that  tiie  force  is  zero  within  an  elliptic  homoeoid,  or,  which  homoToid. 
is  the  same,  that  the  potential  is  constant  through  the  interior, 
it  follows  that  the  external  equipotential  surfaces  of  an  elliptic 
homoeoid  are  confocal  ellipsoids,  and  therefore  that  the  attrac- 
tion   on    an   external   point  is  normal  to  a   confocal    ellipsoid 
pa.ssing  through  the  point;  which  is  the  same  conclusion  as  that 
of  §  521  above. 

533.  An    ingenious    application    of    Ivory's    theorem,    by  Law  of  at- 
Duhamel,  must  not  be  omitted  here.     Concentric  spheres  are  whtii"a'uni- 
a  particular  case  of  confocal  ellipsoids,  and  therefore  the  at-  caUhJii*''"" 
traction  of  any  sphere  on  a  point  on  the  surface  of  an  internal  action  od  an 
concentric  sphere,  is  to  that  of  the  latter  upon  a  point  in  the  point, 
surface  of  the  former  as  tiie  squares  of  the  radii  of  the  spheres. 

Now  if  the  law  of  attraction  he  such  that  a  homorjeneous  spherical 
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shell  of  uui/onn  ilnckuess  exerts  no  attraction  on  anititenial  point, 
the  action  of  the  hirger  sphere  on  the  internal  point  is  reduced 
to  that  of  the  smaller.  Hence  the  smaller  sphere  attracts 
points  on  its  surface  and  points  external  to  it,  with  forces 
inversely  as  the  squares  of  their  distances  from  its  centre. 
Hence  tJte  law  of  force  is  the  inverse  square  of  the  distance,  as  is 
easily  seen  by  making  the  smaller  sphere  less  and  less  till  it 
becomes  a  mere  particle.  This  theorem  is  due  originally  to 
Cavendish. 

534.  {De/inifion.)  If  the  action  of  terrestrial  or  other  gravity 
on  a  rigid  body  is  reducible  to  a  single  force  in  a  line  passing 
always  through  one  point  fixed  relatively  to  the  body,  whatever 
be  its  position  relatively  to  the  earth  or  other  attracting  mas.s, 
that  point  is  called  its  centre  of  gravity,  and  the  body  is  called 
a  centrobaric  hudy. 

One  of  the  must  startling  results  of  Green's  wonderful 
theory  of  the  potential  is  its  establishment  of  the  existence  of 
centrobaric  bodies  ;  and  the  discovery  of  their  properties  is 
not  the  least  curious  and  interesting  among  its  very  various 
applications. 

534 (/.  If  a  b(xly  (/?)  is  centrobaric  relatively  to  any  one 
attracting  mass  {A),  it  is  centrobaric  relatively  to  every  other: 
and  it  attracts  a'l  matter  external  to  itself  as  if  its  own  ma.ss 
were  col  ected  in  its  centre  of  gravity  *. 

Let  0  be  any  point  so  distant  from  B  that  a  spherical  surface 
described  from  it  as  centre,  and  not  cont;iining  any  part  of  li, 
is  large  enough  entirely  to  contain  A.  Let  A  be  placed  within 
any  such  spherical  surface  and  made  to  rotate  about  any  axis, 
OK,  through  0.  It  will  always  attract  B  in  a  line  through  G, 
the  centre  of  gravity  of  B.  Hence  if  every  particle  of  its  mass 
be  uniformly  distributed  over  the  circumference  of  the  circle 
that  it  describes  in  this  rotation,  the  mass,  thus  obtained,  will 
also  attract  B  in  a  line  through  G.  And  this  will  be  the  case 
however  this  m;uss  is  rotated  round  0  ;  since  before  obtaining 
it  we  might  have  rotated  A  and  OK  in  any  way  round  0,  hold- 


•  Thomson,  Proc.  R.  S.  E.,  Feb.  1861. 
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ino-  tlicm  fixed   relatively  to  one  another.     We  have  therefore  Properties 

o  "  .of  Cfiitro- 

found  a  body,  A',  symmetrical    about  an  axis,   OK,  relatively  baric^ 
to   which  B  is   necessarily  centrobaric.     Now,    0   being    kept 
fixed,  let  OK,  carrying  A'  with  it,  be  put  successively  into  an 
infinite  number,  n,  of  positions  uniformly  distributed  round  0 ; 
that  is  to  say,  so  that  there  are  equal  numbers  of  positions  of 

OK  in  all  equal  solid  angles  round  0 :   and  let  -  part  of  the 

mass  of  A'  be  left  in  each  of  the  positions  into  wliich  it 
was  thus  necessarily  carried.  B  will  experience  from  all  this 
distribution  of  matter,  still  a  resultant  force  through  G.  But 
this  distribution,  being  symmetrical  all  round  0,  consists  of 
uniform  concentric  shells,  and  (§  471)  the  mass  of  each  of  these 
shells  mii'ht  be  collected  at  0  without  changing  its  attraction 
on  any  particle  of  B,  and  tlierefure  without  changing  its  re- 
sultant attraction  on  B.  Hence  B  is  centrobaric  relatively  to 
a  mass  collected  at  0 ;  this  being  any  point  whatever  not 
nearer  than  within  a  certain  limiting  distance  from  B  (accord- 
ing to  the  condition  stated  above).  That  is  to  say,  any  point 
placed  beyond  this  distance  is  attracted  by  i?  in  a  line  througli 
G ;  and  hence,  beyond  this  distance,  the  equipotential  surfaces 
of  B  are  spherical  with  G  for  common  centre.  B  therefore 
attracts  points  beyond  this  distance  as  if  its  mass  were  collected 
at  G  :  and  it  follows  (§  497)  that  it  does  so  also  through  the 
■whole  space  external  to  itself.  Hence  it  attracts  any  group 
of  points,  or  any  mass  whatever,  external  to  it,  as  if  its  own 
mass  were  collected  at  G. 

534  b.     Hence  §§  497,  492  show  that— 

(1)  The  centre  of  gravity  of  a  centrobaric  body  necessarily  lies 
in  its  interior ;  or  in  other  words,  can  only  be  reached  from 
external  space  by  a  path  cutting  through  some  of  its  mass.     And 

(2)  No  centrobaric  body  can  consist  of  paj-ts  isolated  from  one 
another,  each  in  space  external  to  all :  in  other  words,  the  outer 
boundary  of  every  centrobaric  body  is  a  single  closed  surface. 

Thus  we  see,  by  (1),  that  no  symmetrical  ring,  or  hollow 
cylinder  with  open  ends,  can  liave  a  centre  of  gravity  ;  for  its 
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Prnporties    ceutrc  of  gravity,  if  it  had  one,  would  be  in  its  axis,  and  there- 
of c'l'iilro-       ,.  ,  ,  .  ^ 

baric  torc  extemal  to  its  mass. 

bodies. 

534  c.  7/  any  mass  luhatever,  M,  and  any  single  surface,  S, 
conipletely  enclosing  it  he  given,  a  distribution  of  any  given 
amount,  M',  of  matter  on  this  surface  may  he  found  which  shall 
make  the  whole  centrohaHc  with  its  centre  of  gravity  in  any 
given  position  (G)  within  that  surface. 

The  condition  here  to  be  fulfilled  is  to  distribute  M'  over  S, 
so  as  by  it  to  produce  the  potential 

M+M'  _ 
'EG'         ' 

any  point,  E,  of  S ;  V  denoting  the  potential  of  M  at  this 
point.  The  po.ssibility  and  singleness  of  the  solution  of  this 
j)robleni  were  proved  above  (§  499).  It  is  to  be  remarked, 
however,  that  it'  .1/'  be  not  given  in  sufficient  amount,  an  extra 
(juantity  must  be  taken,  but  neutralized  by  an  equal  quantity 
of  negative  matter,  to  constitute  the  required  distribution  on  S. 
The  case  in  which  there  is  no  given  body  M  to  begin  with 
is  important;  and  yields  the  following  : — 

c«fntro\)aric  534 fZ.  A  fiiven  qiiantitii  of  matter  may  be  distHbuted  i)i  one 
tray,  but  m  only  one  way,  over  any  given  closed  surjace,  so  as  to 
constitute  a  centrobaric  body  with  its  centre  of  gravity  at  any 
given  point  within  it. 

Thus  wo  have  already  seen  that  the  condition  is  fulfille»l  by 
making  the  density  inversely  as  the  cube  of  the  distance  from 
the'  given  point,  if  the  surface  be  spherical.  From  what  was 
proved  in  §§  'jOI,  .'lOG  above,  it  appears  also  that  a  centrobaric 
shell  nuiy  be  made  of  either  half  of  the  lemniscate  in  the 
diagram  of  §  .508,  or  of  any  of  the  ovals  within  it,  by  distributing 
matter  with  density  proportional  to  the  resulUmt  force  of  m  at  1 
and  w'  at  /';  and  that  the  one  of  these  points  which  is  within 
it  is  its  centre  of  gravity.  And  generally,  by  drawing  the 
cquipotential  surfaces  relatively  to  a  mass  m  collected  at  a 
])oint  /,  and  any  other  distribution  of  matter  whatever  not 
stirronnding  this  point;  and  by  taking  one  of  these  surfaces 
which  encloses  /  but   no  other  part  of  the  mas.^,  wc  learn,  by 
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Green's  general  theorem,  and  the  special  proposition  of  §  506,  centrobaric 
how  to  distribute  matter  over  it  so  as  to  make  it  a  centrobaric 
shell  with  /  for  centre  of  orravitv, 

534  6.  Under  hydrokinetics  the  same  problem  will  be  solved 
for  a  cube,  or  a  rectangular  parallelepiped  in  general,  in  terms 
of  converging  series  ;  and  under  electi'icity  (in  a  subsequent 
volume)  it  will  be  solved  in  finite  algebraic  terms  for  the 
surface  of  a  lens  bounded  by  two  spherical  surfaces  cutting 
one  another  at  any  sub-multiple  of  two  right  angles,  and  for 
either  part  obtained  by  dividing  this  surface  in  two  by  a  third 
spherical  surface  cutting  each  of  its  sides  at  right  angles. 

634/.     Matter   may  he  distributed  in  an  in-finite  number  o/ Centrobanc 
ways  throughout  a  given  closed  space,  to  constitute  a  centrobamc 
body  with  its  centre  of  gravity  at  any  given  point  within  it. 

For  by  an  infinite  number  of  surfaces,  each  enclosing  the 
given  point,  the  whole  space  between  this  point  and  the  given 
closed  surface  may  be  divided  into  infinitely  thin  shells;  and 
matter  may  be  distributed  on  each  of  these  so  as  to  make  it- 
centrobaric  with  its  centre  of  gravity  at  the  given  point.  Both 
the  forms  of  these  shells  and  the  quantities  of  matter  distributed 
on  them,  may  be  arbitrarily  varied  in  an  infinite  variety  of 
ways. 

Thus,  for  example,  if  the  given  closed  surface  be  the  pointed  Properties 
u\  al  constituted  by  either  half  of  the  lemniscate  of  the  diaoram  baric 

.  .  .  ...  bodies. 

of  §  508,  and  if  the  given  point  be  the  point  /  within  it,  a 
centrobaric  solid  may  be  built  up  of  the  interior  ovals  with 
matter  distributed  over  them  to  make  them  centrobaric  shells 
as  above  (§  o34cZ).  From  what  w'as  proved  in  §  518,  we  see 
that  a  solid  sphere,  with  its  density  varying  inversely  as  the 
fifth  power  of  the  distance  from  an  external  point,  is  centro- 
baric, and  that  its  centre  of  gravity  is  the  image  (§  512)  of 
this  point  relatively  to  its  surface. 

534  </.     The  centre  of  gravity  of  a  centrobaric  bodv  composed  The  centre 

.        .  ^  .      .  „  .  .  T^,"  ^  of  gravity 

of  true  gravitatmg  matter  is  its  centre  oi  inertia.     J?  or  a  centre-  (if  it  exist) 

.  .     ^    .  .  is  the  centre 

baric  body,  if  attracted  only  by  another  infinitely  distant  body,  of  inertia. 
or  by  matter  so  distributed  round  itself  as  to  produce  (§  499) 

VOL.  II.  fi 
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Thectintro  iiuifonn  force  iu  parallel  lines  throughout  the  space  occupied 
Of  It  exist)  by  it,  experiences  (§  534«) a  resultant  force  always  through  its 
of  inertia.  Centre  of  gravity.  But  in  this  case  this  force  is  the  resultant 
of  parallel  forces  on  all  the  particles  of  the  body,  which  (see 
Properties  of  Matter,  below)  are  rigorously  i)roportional  to 
their  masses:  and  in  §  561  it  is  proved  that  the  resultant  of 
such  a  system  of  parallel  forces  passes  through  the  point  defined 
in  §  230,  as  the  centre  of  inertia. 

A  centro-         535^     Xho   momcnts  of  inertia   of  a   centrobaric   body   are 

banc  Dod.v  is  ... 

kineticaiiy    equal  lound   all  axes  through  its  centre  of  inertia.     In  other 

symmetrical     ^  ° 

cenfre'of      '^vords  (§  285),  all  these  axes  are  principal  axes,  and  the  body 
K-ravity.       jg  kinetically  symmetrical  round  its  centre  of  inertia. 

Let  it  be  placed  with  it.s  centre  of  inertia  at  a  point  0  (origin 
of  co-ordiiiates),  within  a  closed  surface  having  matter  so  dis- 
tributed over  it  (§  499)  as  to  have  xyz  [which  .satisfies  V*(^y^)=0] 
for  potential  at  any  point  (x,  y,  z)  within  it.  The  resultant  action 
on  the  body  is(^  .'i 34a)  the  same  as  if  it  were  collected  at  0;  that 
is  to  say,  zero  :  or,  in  other  words,  the  forces  on  its  diflferent  parts 
must  balance.  Hence  (§  551,  i.,  below)  if  p  be  the  density  of  the 
body  at  («,  y,  z) 

1 1  /  yzpdxdydz  =0,        \\\  zxpdxdydz  =  0,        l\  ixypdxdydz  =  0. 

Hence  OX,  OY,  OZ  are  principal  axes;  and  this,  however  the 
body  is  turned,  only  provided  its  centre  of  gravity  is  kept  at  0. 

To  prove  this  otherwise,  let  V  denote  the  potential  of  the 
given  body  at  (.r,  y,  z)  \  u  any  function  of  a;,  y,  z\  and  tsr  the 
triple  integral 

fff/dudV     dudV     dudV\  ,    ,    , 
mixdx-'dydy^d'zd^)'^'^^'^'^ 

extended  through  the  interior  of  a  spherical  surface,  S,  enclosing 
all  of  the  given  body,  and  having  for  centro  its  centre  of  gravity. 
Then,  as  in  Chap.  i.  App.  A,  we  have 


■BJ 


=  iJduVda-  jjjVv'udxdydz 
=  jhVnda  -  jjjnV'Vdxdydz. 
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But  if  m  be  the  whole  mass  of  the  given  body,  and  a  the  radius  Properties 

1  1     1  f  i»  o  °^  centro- 

of  S,  we  have,  over  the  whole  surface  of  o,  baric 

bodies. 

F=  -,  and  8F=--„. 

Also  [§  491c]  V'F  =  -47rp, 

vanishing  of  course  for  all  points  not  belonging  to  the  mass  of 
the  given  body.     Hence  from  the  preceding  we  have 

4:77  I j  lupdxdydz  =  — o  i\{adu  +  u)  da  -  j j  jVv^udxdi/dz. 

Let  now  u  be  any  function  fulfilling  V V  =  0  through  the  whole 
space  within  ^S*;  so  that,  by  §  492,  we  have  jjditda-  =  0,   and  by 

§  496,   I  judcr  =  4:ira''u^,  if  u^  denote  the  value  of  u  at  the  centre 
of  S.     Hence 

1 1  mpdxdydz  =  mu^. 

Let,  for  instance,  u  =  yz.     We  have  u^  =  0,  and  therefore 

lyzpdxdydz  =  0, 


# 


as  we  found  above.     Or  let  it  =  (o;^  +  y^)  -  {x^  +  s^),  which  gives 
w,  =  0  ;  and  consequently  proves  that 


f 


(03*  +  z")  pdxdydz  =  \\\{x^  +  y^)  pdxdydz, 


or  the  moment  of  inertia  round  OF  is  equal  to  that  round  OX, 
verifying  the  conclusion  inferred  from  the  other  result. 

536.     The  spherical  harmonic  analysis,  which  forms  the  sub-  Origin  of 
ject  of  an  Appendix  to  Chapter  i.,  had  its  origin  in  the  theory  iiarmonic 

\  .       ^^  r  >  o  .    analysis  of 

ot  attraction,  treated  with  a  view  especially  to  the  figure  of  the  ^eeendre 
earth ;  having  been  first  invented  by  Legendre  and  Laplace  for  I'l^ce. 
the  sake  of  expressing  in  converging  series  the  attraction  of 
a  body  of  nearly  spherical  figure.  It  is  also  perfectly  appropriate 
for  expressing  the  potential,  or  the  attraction,  of  an  infinitely 
thin  spherical  shell,  with  matter  distributed  over  it  according  to 
any  arbitrary  law.  This  we  shall  take  first,  being  the  simpler 
application, 

6—2 
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[536. 


OiiKiii  of 
spherical 
Imnuonio 
uniilysis  of 
Lefceiidre 
and  La- 
place 


Let  X,  y,  z  be  the  co-onlinates  of  P,  the  point  iu  question, 
reckoned  from  0  the  centre,  as  origin  of  co-ordinates :  p  and  p 
the  values  of  the  density  (»f  the  spherical  surface  at  j)oints  E  and 
E\  of  wliich  the  former  is  the  point  in  which  it  is  cut  hy  OP,  or 
this  line  produced  :  da'  an  element  of  the  surface  at  E',  a  its 
radius.     Then,  V  being  the  potential  at  P,  we  have 

''da-' 

But,  by  B  (48) 

and  >  (2) 

=  -|l  +  2(?,  r^j  i     „        „     external, 


-jJE'j 


.(1). 


where  Q^  is  the  biaxal  surface  harmonic  of  (E,  E').     Hence,  if 

p'  =  ^„  +  -S',  +  ^,  +  ctc (3) 

be  the  harmonic  expansion  for  p,  we  have,  according  to  B  (52), 

(«>      S      /v\«)  ^ 

V=iira  -Is  -..  '  -  I  -  I  >  when  P  i3  internal,    I 

\- (4) 


and 


ina' 


If,  for  instance,  p  =  'b',,  we  have 


V= 


a*-'2i+l 


inside. 


and 


F= — rrr-  ^.  '     outside. 


r'*'    2i4-l 


Thus  wo  conclude  that 


Application  537.  A  spherical  harmonic  distribution  of  density  ou  a 
harmonio*  sphericul  surface  produces  a  similar  and  similarly  placed 
^'"'*  spherical  harmonic  distribution  of  potential  over  every  con- 
centric spherical  surface  through  space,  external  and  internal; 
and  so  also  consequently  of  radial  component  force.  But  the 
amount  of  the  latter  differs,  of  course  (§  ^TS),  by  47rp,  for  points 
infinitely  near  one  another  outside  and  inside  the  surface,  if  p 
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denote  the  density  of  the  distribution  on  the  surface  between  Application 

of  spherical 
them.  harmonic 

analysis. 

If  R  denote  the  radial  component  of  the  force,  we  have 

dV        47rr'-'     iS,     .     .^  1 

/c  ^  -  -r-  = Tzrr-  K-. — r  inside, 

dr  a        2t  + 1  I 

and  I   (5). 

Hence,  if  r  =  a,  we  have 

R  (outside)  -  R  (inside)  =  ^^TS^  =  47rp. 

538.  The  potential  is  of  course  a  solid  harmonic  through 
space,  both  internal  and  external;  and  is  of  positive  degree  in 
the  internal,  and  of  negative  in  the  external  space.  The  ex- 
pression for  the  radial  component  of  the  force,  in  each  division 
of  space,  is  reduced  to  the  same  form  by  multiplying  it  by  the 
distance  from  the  centre. 

539.  The  harmonic  development  gives  an  expression  in 
converging  series,  for  the  potential  of  any  distribution  of  matter 
through  space,  which  is  useful  in  some  applications. 


Let  X,  y,  z  be  the  co-ordinates  of  P,  the  attracted  point,  and 
x',  y',  z  those  of  P'  any  point  of  the  given  mass.  Then,  if  p 
be  the  density  of  the  matter  at  P',  and  V  the  potential  at  P,  we 
have 

p'dx'dy'dz 


=1 


^^^h 


[{x-xy^{y-yy-^{z-zrf 


.(6). 


The  most  convenient  view  we  can  take  as  to  the  space  through 
which  the  integration  is  to  be  extended  is  to  regard  it  as  infinite 
in  all  dii'ections,  and  to  suppose  p  to  be  a  discontinuous  function 
of  x',  y',  z\  vanishing  through  all  space  unoccupied  by  matter. 


Now  by  App.  B.  (w)  we  have 

f2(2,C-,y|  whenr'>r] 

..(7). 


[(aj-«7 +  (2/ -2/7 +  («-«')]*      ^1        X      \r))  I 

and  =l|l+2'^(^')|       .,     r'<r| 
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Application  Substituting  this  in  (6)  we  have 


spherical 
harmonic 
analysis. 


Potential  of 
a  distant 
body. 


*  f  {''(n{)Q,^^^^M^  *  X  [///]e.rV<fa'rfyy.j  ...(8), 

where  (///)  denotes  integration  through  all  the  space  external  to 
the  spherical  surface  of  radius  r,  and  \J[f]  integration  through 
the  interior  space. 

This  formula  is  useful  for  expressing  the  attraction  of  a  mass 
of  any  figure  on  a  distant  point  in  a  single  converging  series. 
Thus  when  OF  is  greater  than  the  greatest  distance  of  any  part 
of  the  body  from  0,  the  first  series  disappears,  and  the  expression 

becomes  a  single  converging  series,  in  ascending  powers  of  -  ; — 
F=  I  [jjjp'dx'dy'dz-^^ljjjQy'p'dx'dyd^] (9). 


If  we  use  the  notation  of  B.  (u)  (53),  this  becomes 

V=\ i^jjjp'dx'dy'dz'+  %r-^JJJp'B,[{x,  y, z),  {x', y', «)]cfu;'c/y'c/^|..(lU), 
and  we  have,  by  App.  B.  {v')  and  (u>), 

,  -     oad  +  ?/y'  +  zz' 

where  cos  6  = ^ . 

rr 

From  this  we  find 

and  so  on. 

Let  now  M  denote  the  mass  of  the  body  ;   and  let  0  be  taken 
at  its  centre  of  gravity.     We  shall  have 

jfjp'dx'dy'dz'  =  3/  ■  and  jjjp'H^dx'dy'dz'  =  0. 

Further,  let  OX,  OY,OZhe  taken  as  principal  axes  (^281,  282), 

80  that  fffp'y'z'dx'dy'dz'  =  0,  etc., 

and  let  .i4,  ^,  C  be  the  moments  of  inertia  round  the«e  axes. 
This  will  give 

JJ/H^-dx'dy'cLt-  =  i { (3x2 -  r^)f/fp'x"dx'dy'dz'  +  etc.  ]  =li\{:ix^-r'')[^(A  + B  +  C)- A]  +  etc. } 
='i,]A(r>-dx-)  +  B(r^-3y^)C  +  (r^-3z^)\=i{{B  +  C-2A)x*  +  (C+A-2R)y^  +  {A  +  B-2q^\. 
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Hence  neglectiuor  terras  of  the  third  and  hicher  orders  of  small  Potential 
°  °  *  a  distant 


quantities  ( powers  of   - ) ,  we  have  the  following  approximate 


body. 
^)owers  ot    -  I .  we  nave  tne  toiiowing  approximate 

expression  for  the  potential  :- 


(13); 


r=^  +  l-^{(B+C-2A)x'+{C+A-2B)i/'-+{A+B-2C'y}...(l'2). 

As  one  example  of  the  usefulness  of  this  result,  we  may  mention 
the  investigation  of  the  disturbance  in  the  moon's  motion  pro- 
duced by  the  non-sphericity  of  the  earth,  and  of  the  reaction  of 
the  same  disturbing  force  on  the  earth,  causing  lunar  nutation 
and  precession,  which  will  be  explained  later. 

Differentiating,  and  retaining  only  terms  of  the  first  and  second 
degrees  of  approximation,  we  have  for  the  components  of  the 
mutual  force  between  the  body  and  a  unit  particle  at  {x,  y,  z), 

T  T  ^  1 

F=etc.,        Z  =  etc.  ) 

whence 

r  T  T 

Comparing  these  with  Chap.  ix.  below,  we  conclude  that 
540.     The  attraction  of  a  distant  particle,  P,  on  a  rigid  body  Attraction 

of  3.  psrticls 

if  transferred  (according  to  Poinsot's  method  explained  below,  on  a  distant 
§  555)  to  the  centre  of  inertia,  /,  of  the  latter,  gives  a  couple 
approximately  equal  and  opposite  to  that  which  constitutes  the 
resultant  effect  of  centrifugal  force,  if  the  body  rotates  with  a 
certain  angular  velocity  about  IP.  The  square  of  this  angular 
velocity  is  inversely  as  the  cube  of  the  distance  of  P,  irre- 
spectively of  its  direction  ;  being  numerically  equal  to  three 
times  the  reciprocal  of  the  cube  of  this  distance,  if  the  unit 
of  mass  is  such  as  to  exercise  the  proper  kinetic  unit  (§  225) 
force  on  another  equal  mass  at  unit  distance.  The  general 
tendency  of  the  gravitation  couple  is  to  bring  the  principal  axis 
of  least  moment  of  inertia  into  line  with  the  attracting  point. 
The  expressions  for  its  components  round  the  principal  axes 
will  be  used  in  Chap.  ix.  (§  825)  for  the  investigation  of  the 
phenomena  of  precession  and  nutation  produced,  in  virtue  of 
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Attraction    the  eoxth's  non-sphericitv,  bv  the  attractions  of  the  sun   and 

(.fapartirle  m    i  i  '        •  i  i      •  i  i 

(.nadisunt  nioon.  ihey  are  available  to  estimate  the  retardation  produced 
by  tidal  friction  against  the  earth's  rotation,  according  to  the 
principle  explained  above  (§  276). 

541.  It  appears  from  what  we  have  seen  that  the  amount 
of  the  gravitation  couple  is  inversely  as  the  cube  of  the  distAnce 
between  the  centre  of  inertia  and  the  external  attracting  point : 
and  therefore  that  the  shortest  distance  of  the  line  of  the  re- 

Principie  of  sultant  force  from  the  centre  of  inertia  varies  inversely  as  the 
proxima-     distance  of  the  attracting  point.     We  thus  see  how  to  a  first 

tioii  used  in  .  .  •    ■  i     i       i       •  i        •  i      •       i 

th(!com-      approximation    every  rigid    bodv  is  centrobanc  relatively  to  a 

mon  theory      '^  ^  .  .  "^ 

of  the         distant  attracting  point. 

centre  °  '■ 

of  (oiivity 

542.  The  real  meaning  and  value  of  the  spherical  harmonic 
method  for  a  solid  mass  will  be  best  understood  by  considering 
the  following  application  : — 

Let  p  =  F{r)S\ (15) 

where  F(r)  denotes  any  function  of  r,  and  5j  a  surface  splierical 
harmonic  function  of  order  i,  with  coeflicipnts  independent  of  r. 
Substituting  accordingly  for  p  in  (8),  and  attending  to  B.  (52) 
and  (16),  we  find 

V  =  ^^lr'  I  "/-'*'/-(/)(//+ r—' [%"*•/' (rVJ  ••■(16). 

j'oteniiaiof       543.     As  an  example,  let  it  be  required  to  find  the  potential 
with  har-     of  a  solid  Sphere  of  radius  a,  having  matter  distributed  through 

monic  di»-      .  i-  i    i  •       •  •  ir 

tnbution  of  it  accordinff  to  solid  harmonic  tunction  K. 

density.  "^  ' 

That  is  to  say,  let 

p=  V  =  r^S ,  when   r  <  a, 

and  p'-O  „      r>CL 

Hence  in  the  preceding  formula /'(r)  =  r'  from  r  =  0  to  r  =  a, 
iind  F{r)  =  0,  when  r  >  a  ;  and  it  becomes 

in  a***V  ! 

This  re.sult  may  also  be  obtaineil  by  the  aid  of  the  algebraical 
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formula  B.  (12)  thus,  on  the  same  principle  a'  the  potential  of  a  Potential  of 

solid.  8ijh6rG 

uniform  spherical  shell  was  found  in  §  491  {d).  withhar- 

monic  dis- 

We  have  by  §  491  (c)  density. 


.(18). 


V-F"=-47rF,,  when  r  <a,) 
and  =0  „     r>  a.  j 

But  by  taking  m  =  2  in  B.  (12)  we  have 

V^(r^r,)  =  2(2i+3)F,, 

and  therefore  the  solution  of  the  equation 

V^F=-47rr, 

^^  ""-'-203)^'^ ^''^' 

where  U  is  any  function  whatever  satisfying  thft  equation 

through  the  whole  interior  of  the  sphere.    By  choosing  U  and  the 

external  values  of  V  so  as  to  make  the  values  of  V  equal  to  one 

another  for  points  infinitely  near  one  another  outside  and  inside 

dV 
the  bounding  surface,  to  fulfil  the  same  condition  for   -j- ,  and 

to  make  V  vanish  when  r-oo,  and  when  r  =  0,  we  find 

a' 


t^=47rF 


2(2i+l)' 


and  obtain  the  expression  of  (17)  for  V  external.     For  in  the 

V. 
first  place,   V  external  and  U  must  clearly  be  A  -j^^,  and  BV^, 

where  A  and  B  are  constants :  and  the  two  conditions  give  the 
equations  to  determine  them. 

544.  From  App.  B.  (52)  it  follows  immediately  that  any  potential  of 
fiuictiou  of  X,  y,  z  whatever  may  be  expressed,  through  the  harmonic 
whole  of  space,  in  a  series  of  surface  harmonic  functions,  each 
having  its  coefficients  functions  of  the  distance  (?•)  from  the 
origin.  Hence  (10),  with  >S.  placed  under  the  sign  of  integra- 
tion for  ?•',  gives  the  harmonic  development  of  the  potential 
of  any  mass  whatever ;  being  the  result  of  the  triple  integra- 
tions indicated  in  (8)  of  §  539,  when  the  mass  is  specified  by 
means  of  a  harmonic  series  expressing  the  density. 


series. 
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Ai'Phcation  545  The  most  important  application  of  the  harmonic  de- 
the  earth,  velopment  for  solid  spheres  hitherto  made  is  for  investigating, 
in  the  Theory  of  the  Figure  of  the  Earth,  the  attraction  of  a 
finite  mass  consisting  of  approximately  spherical  layers  of 
matter  equally  dense  through  each,  but  varying  in  density 
from  layer  to  layer.  The  result  of  the  general  analytical 
method  explained  above,  when  worked  out  in  detail  for  this 
case,  is  to  exhibit  the  potential  as  the  sum  of  two  parts,  of 
which  the  first  and  chief  is  the  potential  due  to  a  solid  sphere, 
A,  and  the  second  to  a  spherical  shell,  B.  The  sphere,  A,  is 
obtained  by  reducing  the  given  spheroid  to  a  spherical  figure 
by  cutting  away  all  the  matter  lying  outside  the  proper  mean 
spherical  surface,  and  filling  the  space  vacant  inside  it  where 
the  original  spheroid  lies  within  it,  without  altering  the  density 
anywhere.  The  shell,  B,  is  a  spherical  surface  loaded  with 
equal  quantities  of  positive  and  negative  matter,  so  as  to  com- 
pensate for  the  transference  of  matter  by  which  the  given 
spheroid  was  changed  into  A.  The  analytical  expression  of 
all  this  may  be  written  down  immediately  from  the  preceding 
formulae  (§§  536,  537) ;  but  we  reserve  it  until,  under  hydro- 
statics and  hydrokinetics,  we  shall  be  occupied  with  the  theory 
of  the  Figure  of  the  Earth,  and  of  the  vibrations  of  liquid 
globes. 

Oaseoftiie  546.  The  analytical  method  of  spherical  harmonics  is  very 
Bymraetri-  valuable  for  several  practical  problems  of  electricity,  magnetism, 
an  axis"  and  elc'ctro-maguetism,  in  which  distributions  of  force  sym- 
metrical round  an  axis  occur :  especially  in  this ;  that  if  the 
force  (or  potential)  at  every  point  through  some  finite  length 
along  the  axes  be  given,  it  enables  us  immediately  to  deduce 
converging  series  for  calculating  the  force  for  points  through 
some  finite  space  not  in  the  axes.     (See  §  498.) 

0  being  any  conveniently  chosen  point  of  reference,  in  the 
axis  of  symmetry,  let  us  have,  in  series  converging  for  a  i>ortioii 
AB  of  the  axis, 

^  =  «o  + ^ +  «,'•+,. i +«»'•'+-?  + etc (a), 

where  (/  is  the  potential  nt  a  point,  Q,  in  the  axis,  specified  by 
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OQ  =  r.     Then  if  V  be  the  potential  at  any  point  P,  specified  by  Casoofthe 
OF=r  and  QOP-d,  and,  as  in  App.  B.  (-47),  (?, ,  Q.,,...  denote  s.vmmetri- 
the  axial  surface  harmonics  of  0,  of  the  successive  integral  orders,  an  axis, 
■we  must  have,  for  all  values  of  r  for  which  the  series  converges, 

F=a„  +  ^°  +  («,r  +  ^^)  Q,-^{cc/  +  ^-l)  (?,  +  etc (6), 

provided  P  can  be  reached  from  Q  and  all  points  oi  AB  within 
some  finite  distance  fi'om  it  however  small,  without  passing 
through  any  of  the  matter  to  which  the  force  in  question  is  due, 
or  any  space  for  which  the  series  does  not  converge.  For 
throughout  this  space  (^  498)  V  -  V  must  vanish,  if  V  be  the 
value  of  the  sum  of  the  series ;  since  V  -  V  is  [App.  B.  (g)] 
a  potential  function,  and  it  vanishes  for  a  finite  portion  of  the 
axis  containing  Q. 

The  series  (b)  is  of  course  convei-pent  for  all  values  of  r  which 
make  (o)  convergent,  since  the  ultimate  ratio  Qi^.i-i-Qi  for  in- 
finitely great  values  of  i,  is  unity,  as  we  see  from  any  of  the 
expressions  for  these  functions  in  App.  B. 

In  general,  that  is  to  say  unless  0  be  a  singular  point,  the 
series  for  U  consists,  according  to  Maclaurin's  theorem,  of  ascend- 
ing integral  powers  of  r  only,  provided  r  does  not  exceed  a  certain 
limit.  In  certain  classes  of  cases  there  are  singular  points,  such 
that  if  0  be  taken  at  one  of  them,  U  will  be  expressed  in  a  series 
of  powers  of  r  with  fiactional  indices,  convergent  and  real  for 
all  finite  positive  values  of  r  not  exceeding  a  certain  limit.  The 
expression  for  the  potential  in  the  neighboui-hood  of  0  in  any 
such  case,  in  terms  of  solid  spherical  harmonics  relatively  to  0 
as  centre,  will  contain  harmonics  [App.  B.  («)]  of  fractional 
degrees. 

Examples — (I.)    The  potential  of  a  cii-cular  ring  of  radius  a,  ExampUs. 
and  linear  density  p,  at  a  point  in  the  axis,  distant  by  r  from  the  tialof drcii- 
centre:—  l^rtiv,^; 

U^^^^ 

{a-  +  r  )- 

/  r-      l.S  r*  \ 

Hence     U  =  27rp  11-^-5+  ^— -  -j  -  etc.  j  when  y  <  «  ....  (2), 

,  _,.      27rop /,        ,  a"       1 . 3  a""         ,     \      ,  ,„x         Potential 

and  t/  = !-    1  -  i^ +-—— —  -  etc.     when  }•>  a  ...(3),       s.vmmetri. 

r     \       ^  r'     2A  r*  J  ^  "      cai  about 

an  a;(is. 
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8ymnietn- 
ral  about 
an  AXiR. 


from  which  we  liave 


(11.)  of  cir- 
cular disc 


(11.)  Multiplying  (1)  by  da,  and  integrating  with  reference 
to  a  from  a  =  0  as  lower  limit,  and  now  calling  U  the  potential 
of  a  circular  disc  of  uniform  surface  density  p,  and  radius  a,  at 
a  point  in  its  axis,  we  find 

L'=2np{{a'  +  ^)^-r\, 
r  being  positive. 

Hence,  expanding  first  in  ascending,  and  secondly  in  descend- 
ing powers  of  r,  for  the  cases  of  r  <  a  and  r  >  a,  we  find 

V=  2iTp  |-  rC>,+  a  +  ^  -  Q^-  ^~  -3  (?,+  074-g -»  Q»-  ^^-  \  ^hen  r  <  a, 

,       „     _       (.a'      \.\a\.       1.1. 3  a",.  )      , 

and       \  =  27rp|i  -  -  t;^-.  '^^ ""  Oj3  ?  '^^  ~  ^^^'^  |  '''^'^"  '''^"- 

It  must  be  remarked  that  the  fir.st  of  these  expressions  is  only 
continuous  from  ^  =  0  to^  =  |7r;  and  that  from  ^  =  ^7rto6  =  7r 
the  first  term  of  it  must  be  made 

+  2TrprQ^,  instead  of  -  'lirprQ^. 

(III.)    Again,  taking  —  of  the  expression  for  U  in  (II.),  and 

now  ciilling  U  the  potential  of  a  disc  of  infinitely  small  thickness 

c  with  positive  and  negative  matter  of  surface  density  -  on  its 

c 


two  sides,  we  have 


[obtainable  also  from  §  477  («),  by  integrating  with  reference  to 
X,  putting  r  for  x,  and  p  for  pc\.     Hence  for  this  case 


l'ot«iitin1  in 
the  iieinh- 
bourhcKxl  of 
n  circulur 
ifalvano- 
meter  coil. 


icii  r  <a. 


>^-2.p(l-^(?..^^C>3-0^9.-ete.)wl 

and     V=  2wp  (h^,Q,-  2*4  "4  Q,  +  *-^^')  ^^hen  r  >  a. 

The  first  of  these  exj)res.sion8  also  is  discontinuous  ;  and  when  0 
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is  >  ^TT  and  <  tt,  its  first  term  must  be  taken  as  -  2irp  instead 
of  2Trp. 

547.  If  two  systems,  or  distributions  of  matter,  M  and  M ',  Exhaustion 
given  in  spaces  each  finite,  but  infinitely  far  asunder,  be  allowed  energy. 
to  approach  one  another,  a  certain  amount  of  work  is  obtained 
by  mutual  gravitation :  and  their  mutual  potential  energy 
loses,  or  as  we  may  say  suffers  exhaustion,  to  this  amount : 
which  amount  will  (§  486)  be  the  same  by  whatever  paths  the 
changes  of  position  are  effected,  provided  the  relative  initial 
positions  and  the  relative  final  positions  of  all  the  particles  are 
given.  Hence  if  m^,  m^,...  be  particles  of  M;  m\,  m\,... 
particles  of  M' ;  v\,  v\,...  the  potentials  due  to  M'  at  the 
points  occupied  by  in^,  m^,...;  v^,  v^,...  those  due  to  M  at 
the  points  occupied  by  m\,  m\^,...;  and  E  the  exhaustion  of 
mutual  potential  energy  between  the  two  systems  in  any  actual 
configurations ;  we  have 

E  =  %mv'  —  %m'v. 

This  may  be  otherwise  written,  if  p  denote  a  discontinuous 
function,  expressing  the  density  at  any  point,  (x,  y,  z)  of  the 
mass  M,  aud  vanishing  at  all  points  not  occupied  by  matter  of 
this  distribution,  and  if  p  be  taken  to  specify  similarly  the  other 
mass  M'.     Thus  we  have 

E  =  jjjpv'dxdydz  =  j jj  p'vdxdydz, 

the  integrals  being  extended  through  all  space.     The  equality  of 
the  second  and  third  members  here  is  verified  by  remarking  that 

Cpdxd^ydz 


-///^ 


if  D  denote  the  dl-itance  between  {x,  y,  z)  and  (pc,  ^y,  jz),  the 
latter  being  any  point  of  space,  and  fi  the  value  of  p  at  it.  A 
corresponding  expression  of  course  gives  v:  and  thus  wo  find  one 
sextuple  integral  to  express  identically  the  second  and  third 
members,  or  the  value  of  E,  as  follows: — 

E  =  {{\i\  JPp'dxdpjd^zdxdydz 
548.     It  is  remarkable  that  it  was  on  the  consideration  of  Green's 

1      •      1     />  1-1  1  1       •  1-1     method. 

an  analytical  formula  which,  when    properly  interpreted  with 
reference  to  two  masses,  has  precisely  the  same  signification  as 
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G""^"^       the  preceding  expressions  for  E,  that  Green  founded  his  whole 
structure  of  general  theorems  regarding  attraction. 

In  Ajip.  A.  (a)  let  a  be  constant,  and  let  U,  U'  be  the 
potentials  at  (a:,  y,  «)  of  two  finite  masses,  J/,  J/',  finitely  distant 
from  one  another :  so  that  if  p  and  p  denote  the  den.sities  of  M 
and  M'  respectively  at  the  point  («,  y,  z),  we  have  [§  491  (c)] 

V*f/  =  -47rp,      V-Y/'=-47rp'. 

It  must  be  remembered  that  p  vanishes  at  every  |)oint  not  form- 
ing part  of  the  mass  M :  and  so  for  p  and  M'.  In  the  present 
merely  abstract  investigation  the  two  masses  may,  in  part  or  in 
whole,  jointly  occupy  the  same  space:  or  they  may  he  merely 
imagined  subdivisions  of  the  density  of  one  real  mass.  Then, 
supposing  S  to  be  in6nitely  distant  in  all  directions,  and  observ- 
ing that  UdU'  and  U'dU  are  small  quantities  of  the  order  of  the 
inverse  cube  of  the  distance  of  any  point  of  S  from  M  and  M\ 
whereas  the  whole  area  of  S  over  which  the  surface  integrals  of 
App.  A.  (a)  (1)  are  taken  as  infinitely  great,  only  of  the  order  of 
the  square  of  the  same  distance,  we  have 

jjdSU-oU  =  0,  and  fJdSUdU'  =  0. 

Hence  (a)  (1)  becomes 

fdUdU'     dUdU'     dUdU'\,,,      ,     ...-,,..    ,       ,    ^v-rrjjj 
di  ^^-^j-a^-^J^^Y-dyd^  =  ^-fjSP^'dxdydz^i.f,fpUdxdyd.', 

.showing  that  the  first  member  divided  by  iir  is  equal  to  the 
exhaustion  of  potential  energy  accompanying  the  approach  of 
the  two  masses  from  an  infinite  mutual  distance  to  the  i-elative 
position  which  they  actually  occupy. 

Without  supposing  S  infinite,  we  see  that  the  second  member 
of  (a)  (1),  divided  by  i-ir,  is  the  direct  exj>re.ssion  for  the  ex- 
haustion of  mutual  energy  between  J/'  and  a  distribution  con- 
sisting of  the  part  of  M  within  S  and  a  distribution  over  S,  of 

density  —96^';  and  the  third  member  the  corresponding  ex- 
pression for  M  and  derivations  from  M'. 

Eximustion       549.     If,  instead  of  two  distributions,  M  and  M'.  two  par- 
enenty." '"   ticles,    m^,    7n,   alone   be    given ;    the    exhaustion    of    mutual 

in  allowing 
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potential  energy  in  allowing  them  to  come  together  from  in-  condensa- 
finity,  to  any  distance  D  (1,  2)  asunder,  is  diffused 


n{l,2)- 


If  now  a  third  particle  m^  be  allowed  to  come  into  their  neigh- 
bourhood, there   is    a   further    exhaustion  of  potential  energy 


amounting  to 

By  considering  any  number  of  particles  coming  thus  necessarily 
into  position  in  a  group,  we  find  for  the  whole  exhaustion  of 
potential  energy 

jj,     ^^  mm 

where  m,  m  denote  the  masses  of  any  two  of  the  particles,  1)  Exhaustion 

IT  ■ox:'     1  .  of  potential 

the  distance  between  them,  and  iS  the  sum  ot  the  expressions  energy. 
for  all  the  pairs,  each  pair  taken  only  once.     If  v  denote  the 
potential  at  the  point  occupied  by  m,  of  all  the  other  masses, 
the  expression  becomes  a  simple  sum,  with  as  many  terms  as 
there  are  masses,  which  we  may  write  thus — 

the  factor  |  being  necessary,  because  "Zmv  takes  each  such  term 

771/  7)Z 

as  J.  .^  ' .  twice  over.  If  the  particles  form  an  ultimately  con- 
tinuous mass,  with  density  p  at  any  point  (x,  y,  z),  we  have  only 
to  write  the  sum  as  an  integral ;  and  thus  we  have 

E=\jjj  pvdxdydz 

as  the  exhaustion  of  potential  energy  of  gravitation  accompany- 
ing the  condensation  of  a  quantity  of  matter  from  a  state  of 
infinite  diffusion  (that  is  to  say,  a  state  in  which  the  density 
is  everywhere  infinitely  small)  to  its  actual  condition  in  any 
finite  body. 

An  important  analytical  transformation  of  this  expression  is 
suggested  by  the  preceding  interpretation  of  App.  A.  (a);  by 
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Exhaustion 

which  we  find* 

of  potential 

energy. 

i?  = 

method 


or 


=-  UK-  ■ 

8ir  JjJ  \dx'      dy* 
i:=:^jjjji'dxd>/dz, 


dv*      dv\ 
dz  J- 


if  R  denote  the  resultant  force  at  (x,  y,  «),  the  integration  being 
extended  through  all  space. 

Detailed  interpretations  in  connexion  with  the  theory  of  energy, 
of  the  remainder  of  Aj>p.  A.,  with  a  const«int,  and  of  its  more 
general  propositions  and  formulae  not  involving  this  re.^triction, 
especially  of  the  minimum  problems  with  which  it  deals,  are  of 
importance  with  reference  to  the  dynamics  of  incompressible 
fluids,  and  to  the  physical  theory  of  the  propagation  of  electric 
and  magnetic  force  through  space  occupied  by  homogeneous  or 
heterogeneous  matter ;  and  we  intend  to  return  to  it  when  we 
shall  be  specially  occupied  with  these  subjects. 

550.  The  beautiful  and  instructive  manner  in  wliich  Gauss 
independently  proved  Green's  theorems  is  more  immediately 
and  easily  interpretable  in  terms  of  energy,  according  to  the 
commonly-accepted  idea  of  forces  acting  simply  between  par- 
ticles at  a  distance  without  any  assistance  or  inHueuce  of  inter- 
posed matter.  Thus,  to  prove  that  a  given  quantity,  Q,  of 
matter  is  distributable  in  one  and  only  one  way  over  a  given 
single  finite  surface  8  (whether  a  closed  or  an  open  shell),  so  as 
to  produce  equal  potential  over  the  whole  of  this  surface,  he 
shows  (1)  that  the  integral 

I'l'  Ci'  ppda-da' 

mi  PF 

has  a  minimum  value,  subject  to  the  condition 

jjpda  =  Q, 

where  p  is  a  function  of  the  position  of  a  point,  P,  on  S,  p  its 
value  at  P\  and  da  and  dcr'  elements  of  S  at  these  points  :  and 
(2)  that  this  minimum  is  produced  by  only  one  determinate 
distribution  of  values  of  p.  By  what  we  have  just  seen  (§  549) 
the  tirst  of  these  integrals  is  double  the  potential  energy  of  a 

•  Nichols  Encijdopadia,  2d  Ed.  liiGO.     Magnetism,  DjTiauiical  Relations  of. 
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distribution  over  S  of  an  infinite  number   of  infinitely  small  Gauss', 

method. 

mutually  repelling  particles  :  and  hence  this  minimum  problem 
is  (§  292;  merely  an  analytical  statement  of  the  problem  to 
find  how  these  particles  must  be  distributed  to  be  in  stable 
equihbrium. 

Similarly,  Gauss's  second  minimum  problem,  of  which  the  Equiu- 

T  •  •       1  1        1   •    1      •  r-      1  briuin  of 

preceding  is  a  particular  case,  and  which  is,  to  find  p  so  as  to  repeiiine 

make  enclosed 

jj{^v  —  9S)pda  smoo'th' 

.     .  ,  .      ^   ^       '  surface. 

a  minimum,  subject  to 

Jfpda=Q, 

where  O  is  any  given  arbitrary  function  of  the  position  of  P, 

and 

;'  t'p'da 


V  = 


PF'  ' 


is  merely  an  analytical  statement  of  the  question : — how  must 
a  given  quantity  of  repelling  particles  confined  to  a  surface  S 
be  distributed  so  as  to  make  the  whole  potential  energy  due  to 
their  mutual  forces,  and  to  the  forces  exerted  on  them  by  a 
given  fixed  attracting  or  repelling  body  (of  which  Cl  is  the 
potential  at  P),  be  a  minimum  ?  In  other  words  (§  292),  to  find 
how  the  movable  particles  will  place  themselves,  under  the 
influence  of  the  acting  forces*. 

*  Gauss's  investigations  here  referred  to  will  be  found  in  Vol.  V.  of  his 
collected  works,  p.  197,  in  a  paper  entitled  "  Allgemeine  Lehrsatze  auf  die  im 
verkebrten  Yerhaltnisse  des  Quadrats  der  Entfemung  wirkenden  Anziehungs- 
und  Abstossungs-Krafte ; "  originally  published  in  1839. 
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STATICS   OF   SOLIDS   AND    FLUIDS. 


RifTidbody.  551.  We  commence  with  the  case  of  a  rigid  body  or  system, 
that  is,  an  ideal  substance  continuously  occupying  a  given  solid 
figure,  admitting  no  change  of  shape,  but  free  to  move  transla- 
tionally  and  rotationally.  It  is  sometimes  convenient  to  regard 
a  rigid  body  as  a  group  of  material  particles  maintained  by 
mutual  forces  in  definite  positions  relatively  to  each  other,  but 
free  to  move  relatively  to  other  bodies.  The  condition  of  perfect 
rigidity  is  approximately  fulfilled  in  natural  solid  bodies,  so  long 
as  the  applied  forces  are  not  sufficiently  powerful  to  break  them 
or  to  distort  them,  or  to  condense  or  rarefy  them  to  a  sensible 
extent.  To  find  the  conditions  of  equilibrium  of  a  rigid  body 
under  the  influence  of  any  number  of  forces,  we  follow  the 
example  of  Lagrange  in  using  the  principle  of  work  (§  289) 
and  take  advantage  of  our  kinematic  preliminary  (§  U)7). 

Equiii-  552.     First  supposing  the  body  to  be  perfectly  free  to  take 

fn-e  riftid     any  motiou  possible  to  a  rigid  body  : — Give  it  an  infinitesimal 

translation  in  any  direction,  and  an  infinitesimal  rotation  round 

any  line. 

I.  In  respect  to  the  trauslational  displacement,  the  work 
done  by  the  applied  forces  is  equal  to  the  product  of  the 
amount  of  the  displacement  (being  the  same  for  all  the  points 
of  application)  into  the  algebraic  sum  of  the  components  of 
the  forces  in  its  direction.  Hence  for  equilibrium  (§  2S9)  the 
sura  of  these  components  must  be  zero. 
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II.     In   respect   to   rotational  displax^ement   the  work  done  EquUi- 
by  the  forces  is  (§  240)  equal  to  the  product  of  the  infinitesimal  free  rigid 
angle  of  rotation  into  the  sum  of  the  moments  (§  231)  of  the 
forces  round  the  axis  of  rotation.    Hence  for  equilibrium  (§  289) 
the  sum  of  these  moments  must  be  zero. 

Since  (§  197)  every  possible  motion  of  a  rigid  body  may  be 
com])ounded  of  infinitesimal  translations  in  any  directions,  and 
rotations  round  any  lines,,  it  follows  that  the  conditions  necessary 
and  sufficient  for  equilibrium  are  that  the  sum  of  the  com- 
ponents of  the  forces  in  any  direction  whatever  must  be  zero, 
and  the  sum  of  the  moments  of  the  forces  round  any  axis 
whatever  must  be  zero. 

Let  Xj,  }'j,  Z^  be  the  components  of  one  of  the  forces,  and 
«,,  ?/j,  z^  the  co-ordinates  of  its  point  of  application  relatively 
to  three  rectangular  axes.  Taking  successively  these  axes  for 
directions  of  the  infinitesimal  translations,  and  axes  of  the 
inSnitesimal  rotations,  we  find,  as  necessary  for  equilibrium,  the 
following  equations : — 

2(XJ  =  0,     2(rj  =  0,     2(^,)  =  0 (1), 

2(^,y.-J^,^,)  =  0,  ^{X^z^-Z,x,)^^,  2^F,r^-X,yO  =  0...(2). 

Of  the  latter  three  equations  the  first  members  are  respectively 
the  sums  of  the  moments  round  the  three  axes  of  co-ordinates,  of 
the  given  forces  or  of  the  components  Xj,  I'j,  Zj,  (fee,  which  we 
take  for  them. 

553.     It  is  interesting  and  important    to   remai-k    that   the  Important 

.  .  ,  proposition; 

evanescence  of  the  sum  of  components  in  any  direction  what- 
ever is  secured  if  it  is  ascertained  that  the  sums  of  the  com- 
ponents in  the  directions  of  any  three  lines  not  in  one  plane 
are  each  nil ;  and  that  the  evanescence  of  the  sum  of  moments 
round  any  axis  whatever  is  seciured  if  it  is  ascertained  that  the 
sums  of  the  moments  round  any  three  axes  not  in  one  plane  ai  e 
each  nil. 

Let  (^,  m,  n),  (J!,  m',  n),  {I",  m",  n")  be  the  direction  cosine.-  proved, 
of  three  lines  not  in  one  plane,  a  condition  equivalent  to  non- 
evanescence  of  the  determinant  I  m  n"—&:c.     Let  F,  F',  F"  be 
the  sums  of  components  of  forces  along  these  lines.    We  have 

F-  =l'^{X,)  +  vi"S,{Y,)  +  n'^{Z,)\  (3). 

F"  =  rt{X,)  +  m"^{Y,)+n"^{Z,)  I 


100 


ABSTRACT   DYNAMICS. 


[553. 


I'^quili- 

i)riuin  i)t 
iree  rigid 
l)ody. 


Equili 
bnum  of 
constrair 
rigid  body 


If  each  of  these  is  zero,  each  of  the  com{)onents  2A',  21'',  2-2" 

must  be  zero,  as  the  determinant  is  not  zero.  The  correspond- 
ing proposition  is  similarly  proved  for  the  moments,  because 
(§  233)  moments  of  forces  round  different  axes  follow  the  same 
laws  of  composition  and  resolution  as  forces  in  different  direc- 
tions. 

554.  For  equilibrium  when  the  body  is  subjected  to  one, 
constrained  two,  three,  four,  or  five  degrees  of  constraint,  equations  to  be 
fulfilled  by  the  applied  forces,  to  ensure  equilibrium,  correspond- 
ingly reduced  in  number  to  five,  four,  three,  two  or  one,  are 
found  with  the  greatest  ease  by  giving  direct  analytical  expres- 
sion to  (§  289),  the  principle  of  work  in  equilibrium. 

Let  X,  if,  z,  -m,  p,  a-  be  components  of  the  translational  velocity 
of  a  point  0  of  the  body,  and  of  the  angular  velocity  of  the 
body;  and  (§  201)  let 

Ax+£y  +  Cz  +  Gzs  +  Hp  +  Ia  =  {) 

A'x  +  B'y  +  C'z  +  G'-ni  +  E'p  +  ra^oi  (4), 

ike,  Ac, 

be  one,  two,  three,  four,  or  five  equations,  representing  the  con- 
straints.   The  work  doue  by  the  applied  forces  per  unit  of  time  is 

i-2(X.)-H2/2{r,)  +  ;52(^,)  | 

+  ^^ {Z,y,  -  Y,z,)  +  p2 ( A'.c.  -  Z,x,)  +  o-2 ( }>,  -  X,y,)\  -^  ^' 

or  Xx  +  Yy  +  Zz  +  Lzcr  +  Mp  +  Xct (5'), 

where  X,  Y,  Z,  L,  M,  N  denote  the  sums  that  apj)ear  in  (5), 
that  is  to  say,  the  sums  of  the  components  of  the  given  forces 
parallel  to  the  axes  of  co-ordinates,  and  the  sum  of  their  mo- 
ments round  these  lines. 

This  amount  of  work,  (5),  must  bo  zero  for  all  values  of 
£,  y,  i,  ttr,  p,  a  which  satisfy  equation  or  equations  (4).  Heuco, 
by  Lagrange's  method  of  indeterminate  midtipliers,  we  find 

2(A',)->-\>4 +A.M'  +  ...  =0 

2(r,)-h\«-hX'^ -»-...  =0 

:i,{z,)^\G  +  \'C'+...  =0 

2  {Z,y,  -  Y,z,)  ■>■  \G  +  \'G'  -t-  ...  -  0 
2 (X,s,  - Z,x,)  +xii  +  \'ir+  ...=0 
2(r,x,-X,y.)+X/+ A'/'+  ...  =  0j 


(«); 
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and  the  elimination  of  X,  A', . . .  from  these  six  equations  gives  Equili- 

the  correspondingly  reduced  number  of  equations  of  equilibrium  constrained 
,.    ,   ,  rigid  body. 

among  the  applied  lorces. 

To  illustrate  the  use  of  these  equations  suppose,  for  example,  Example, 
the  number  of  constraints  to  be  two,  and  all  except  four  of  straints;— 
the  applied  forces  be  ^iven  :  the  six  equations  (5)  determine  equations  of 

1  p  r  1       n  •  f  1      •         •  1       1    J.     J.T-      equilibrium 

these  four  forces,  and  allow  us  it  we  desn'e  it  to  calculate  the  found; 
two  indeterminate  multipliers  \,  V.     The  use  of  finding  the 
values  of  these  multipliers  is  that 

XA,  \B,  XC,  XG,  XH,  XI 

are  the  components  and  the  moments  of  the  reactions  of  the  a  "tithe  two 

.■^  .  .  factors  de- 

first  constraining  body  or  system  on  the  given  body,  and  termining 

>=>  J  J  o  J  1  the  amounts 

V^',    ^B,    X'C,   X'Ct',    X'H',    XI'  stmininT' 

forces  called 
,  „    ,  into  action. 

are  those  of  the  second. 

555.  When  it  is  desired  only  to  find  the  equations  of  equili-  Equations 

,     .  .     .  .  .  1  T  ofequi- 

bnum,  not  the  constraining  reactions,  the  easiest  and  most  direct  librium 

1  1  •  ■  n  -M  •  f     ^       without 

way  to  the  object  is,  to  first  express  any  possible  motion  of  the  e.\pression 
body  in  terms  of   the    five,  four,  three,  two  or  one  freedoms  straining 

•'  reactions. 

(§§  197,  200)  left  to  it  by  the  one,  two,  three,  four  or  five  con- 
straints to  which  it  is  subjected.  The  description  in  §  102  of 
the  most  general  motion  of  a  rigid  body  shows  that  the  most 
general  result  of  five  constraints,  or  the  most  general  way  of 
allowing  just  one  freedom,  to  a  rigid  body,  is  to  give  it  guidance 
equivalent  to  that  of  a  nut  on  a  fixed  screw  shaft.  If  we  unfix 
this  shaft  and  give  it  similar  guidance  to  allow  it  one  freedom, 
the  primary  rigid  body  has  two  freedoms  of  the  most  general 
kind.  Its  double  freedom  may  be  resolved  in  an  infinite 
number  of  ways  (besides  the  one  way  in  which  it  is  thus  com- 
pounded) into  two  single  freedoms.  Triple,  quadruple,  and 
quintuple  freedom  may  be  similarly  arranged  mechanically. 

556.  The  conditions  of  equilibrium  of  a  rigid  body  with 
single,  double,  triple,  quadruple  or  quintuple  freedom,  when 
each  of  the  constituent  freedoms  is  given  in  the  manner  speci- 
fied in  §  .555,  are  found  by  writing  down  the  equation  or  equa- 
tions expressing  that  the  applied  forces  do  no  work  when  the 
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budy  moves  simply  according  to  any  one  alone  of  the  given 
freedoms.  We  shall  take  first  the  case  of  a  single  freedom  of 
the  most  general  kind. 

Kquiii-  Let  5*  be  the  axial  motion  per  radian  of  rotation ;  so  that 

forw'snp-     a  =  80)  expresscs  the  relation  between  axial  translational  velo- 

plied  to  a 

mit  on  a      city,  and  aninilar  velocity  in  the  possible  motion.     Let  HK  be 

frictionlcss  j '  rs  j  r 

lixedscrow.  the  axis  of  the  screw,  and  N^  the  nearest  point  to  it  in  L,  3f,, 
the  line  of  P,,  a  first  of  the  applied  forces.  Let  t,  be  the  incli- 
nation of  X,  M^  to  HK,  and  a^  the  distance  of  N^  from  HK. 
At  any  point  in  L^M^,  most  conveniently  at  the  point  iVj, 
resolve  P,  into  two  components,  P,  cosi,,  parallel  to  the  axis  of 
freedom,  and  Pj  sin  i,  perpendicular  to  it.  The  former  compo- 
nent does  work  only  on  the  axial  component  of  the  motion,  the 
latter  on  the  rotational ;  and  the  rate  of  work  done  by  the 
two  together  is 

Work  donu  SO)  P,  COS  i^+aco  P,  sin  z, . 

ijyasinirle  .r^     i  •  r  n      i  •  /• 

fono  on  H    Hence,  if  S  denotes  summation  for   all  the  given  forces,  the 

uut, turning  ° 

on  a  fixed  equation  of  equilibrium  to  prevent  them  from  taking  advantage 
of  the  first  freedom  is 

Equation  of  sSP,  COS  l,  +  SttjP,  siu  V,  =  0 (7)  ) 

•■quili- 

foro^ap-  or,  in  words,  the  step  of  the  screw  multiplied  into  the  sum  of  the 
Ii'n't  onV  axial  components  must  be  equal  to  the  sum  of  the  moments  of 
screw.    "  ^  the  force  round  the  asris  of  the  screw. 

The  direction  taken  as  positive  for  the  moments  in  the 
preceding  statement  is  the  direction  opposite  to  the  rotation 
which  the  nut  would  have  if  it  had  axial  motion  in  the  direc- 
tion taken  as  positive  for  those  axial  components. 

557.  The  equations  of  equilibrium  when  there  are  two  or  more 
freedoms,  arc  merely  (7)  repeated  with  accents  to  denote  the 
elements  corresponding  to  the  several  guide-screws  other  than 
the  first.  Thus  if  s,  s,  s",  &c.,  denote  the  screw-steps ;  a,,  a,', 
a  ",  &c.,  the  shortest  distances  between  the  axes  of  the  screws 
and  the  line  of  P^;  i,,  /,',  i,",  &c.,  the  inclinations  of  this  line  to 
the  axes;  and  a,,  a,',  &c.,  and  i^,  i,',  &c.,  corresponding  elements 

•  The  quantity  »  thus    defined  we  shall,  for  brevity,   henoefortb  call   the 
Bcrew-step. 
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for  the  line  of  the  second  force,  and  so  on ;  we  have,  for  the 
equations  of  equilibrium, 

5SPj  cos  ^^   +  SttjP,  sin  t\     =  0  - 

s'^Pj^  cos  i/  4-  ^tti'Pi  sin  i/   =  0  .„. 

s"SP,cos^V'  +  2<'P,sin^V'  =  0  [  ^  ^' 

&c.,         &c., 

The  equations  of  constraint  being,  as  in  §  553,  (4), 


Ad)  +By  +Gz  +Gr^  ^Hp  +  la-  =0 
A'x  +  By  4  G'z  +  G'^  +  H'p  +  I'(t  =  0 


.(9), 


The  8am <; 
analytically 
and  in 
terms  of 
rectanpiilar 
co-ordi- 
nates. 


(10), 


suppose,  for  example,  these  equations  to  be  four  in  number. 
Take  two  more  equations 

ax  +hy  +CZ  +g'!!T  +  hp  +{a  =  w 
a'x  +  b'y  +  c'i  +  ^'-sr  +  h'p  +  i'o  =  w 

where  a,  h,...  and  a,  h',...  are  any  arbitrarily  assumed  quanti- 
ties :  and  from  the  six  equations  (9)  and  (10)  deduce  the  fol- 
lowing : 


cc=aa)  +  a'c 


■  =  33w  +  iJ'w',      »  -  ©0)  -f  ©'w', 


(11); 


where  ^,  13,...  and   %',  95',...  are   known,  being  the  determi- Two  gene- 
nantal  ratios  found  in  solving  (9)  and  (10).     Thus  the  six  rect-  ponent 

*=  ^  ^       '  »  velocities 

angular  component  velocities   are   expressed    in    terms  oi    two  correspond- 
generalized  component  velocities  w,  w',  which,  in  virtue  of  the  freedoms. 
four  equations  of  constraint  (9),  suffice  for  the  complete  specifi- 
cation of  whatever  motion    the  constraints  leave  permissible. 
In  terms  of  this  notation  we  have,  for  the  rate  of  working  of 
the  applied  forces, 

=(^A'+^r-t-©^+©i:-fP?ir+j^iv^)to     I (i2). 

+  (a'X  +  ^'Y-^WZ+  (&'L  +  WM  +  i  'N)  o)'] 

This  must  be  nil  for  every  permitted  motion  in  order  that  the 
forces  may  balance.     Hence  the  equations  of  equilibrium  are 


VZ  +  i&'L  -f  WM  +  rN=0) 


and  a'X-f  3S'r+©' 


(13). 
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Two  Kone-  Similarly  with  one,  or  two,  or  three,  or  five  (insttaJ  of  our  ex- 

ralized  com-  i         /•   /•  •    • 

ponent  ample  of  four)  constraining  equations  (9),  we  find  five,  or  four, 

correspond-  or  three,  or  one  equation  of  equilibrium  (13).     These  equations 

freedoms.  express  obvioii.sly  the  name  conditions  a.s  those  expressed  by  (8); 

the  fii-st  of  (13)  is  identiciil  with  the  fii-st  of  (8),  the  second  of 
(13)  with  the  second  of  (8).  and  so  on,  provided  w,  w',...  cor- 
respond to  the  same  components  of  freedom  as  the  several  screws 
of  (8)  respectively.  The  equations  though  identical  in  substance 
are  very  different  in  form.  The  purely  analytical  transformation 
from  either  form  to  the  other  is  a  simple  enough  piece  of  ana- 
lytical geometry  which  may  be  worked  as  an  exercise  by  the 
student,  to  be  done  separately  for  the  first  of  (8)  and  the  6rst 
of  (13),  just  as  if  there  were  but  one  freedom. 

Equiiibrat.t      558.     Any  system  of  forces  which  if  applied  to  a  rigid  body 
«nt.  would  balance  a  given  system  of  forces  acting  on  it,  is  called  an 

equililnant  of  the  given  system.  The  system  of  forces  equal 
and  opposite  to  the  cqnilibrant  may  be  called  a  resultant  of  the 
given  system.  It  is  only,  however,  when  the  resultant  system 
is  less  numerous,  or  in  some  respect  simpler,  than  the  given 
system  that  the  term  resultant  is  convenient  or  suitable.  It  is 
used  with  great  advantage  with  respect  to  the  resultant  force 
and  couple  (§  ond  g,  below)  to  which  Poinsot's  method  leads,  or 
to  the  two  resultant  forces  which  mathematicians  before  Poinsot 
had  .shown  to  be  the  simplest  system  to  which  any  system  of 
forces  acting  on  a  rigid  body  can  in  general  be  reduced.  It  is 
only  when  the  system  is  reducible  to  a  single  force  that  the 
term  "  resultant "  pure  and  simple  is  usually  applied. 

559.  As  a  most  useful  commentary  on  and  illustration  of 
the  general  theory  of  the  equilibrium  of  a  rigid  body,  which  we 
have  completed  in  §§  552 — 557,  and  particularly  for  the  pur- 
pose of  finding  practically  convenient  resultants  in  a  very 
simple  and  clear  manner,  we  may  now  with  advantage  intro- 
duce the  beautiful  method  of  Couples,  invented  by  Poinsot. 

Owq)iet.  In  §  234  we  have  already  defined  a  couple,  and  shown  that 

the  sum  of  the  moments  of  its  forces  is  the  same  about  all 
axes  perpendicular  to  its  plane.  It  may  therefore  be  shifted  to 
any  new  position  in  its  own  plane,  or  in    any  parallel   plane, 
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without  alteration  of  its  effect  on    the   rigid    body   to  whicli  Coupies. 
it   is  applied.      Its   arm   may  be   turned   through  any  angle 
in  the  plane  of  the  forces,  and  the  length  of  the  arm  and  the 
magnitudes  of  the  forces  may  be  altered  at  pleasure,  without 
changing  its  effect — provided  the  mojnent  remain   unchanged. 
Hence  a  couple  is  conveniently  specified  by  the  line  defined  as 
its  "axis"  in  §  2.34.     According  to  the  convention  of  §  2.34  the 
axis  of  a  couple  which  tends  to  produce  rotation  in  the  direc- 
tion contrary  to  the  motion  of  the  hands  of  a  watch, 
must  be  drawn  through  the  front  of  the  watch  and 
vice  versa.     This  may  easily  be  remembered  by  the 
help  of  a  simple  diagram  such  as  we  give,  in  which 
the  arrow-heads  indicate  the  directions  of  rotation, 
and  of  the  axis,  respectively. 

559  h.     It  follows  from  §§  233,  234,  that  couples  are  to  bo  composi- 
compounded  or  resolved  by  treating  their  axes  by  the  law  of  coupip=. 
the  parallelogram,  in  a  manner  identical  with  that  which   we 
have  seen  must  be  employed  for  linear  and  angular  velocities, 
and  forces. 

Hence  a  couple  G,  the  direction  cosines  of  whose  axis  are 
/\,  IX,  V,  is  equivalent  to  the  three  couples  G\  Gfi,  Gv  about  the 
axes  of  X,  y,  z  respectively. 

559  c.     If  a  force,  F,  act  at  any  point,  A,  oi  a  body,  it  may  Force  re- 
be  transferred  to  any  other  point,  B.    Thus:  by  the  principle  of  foreland 
superposition  of  forces,  introduce  at  B,  in  the  line  through  it^°"P*'- 
parallel  to  the  given  force  F,  a  pair  of  equal  and  opposite  forces 
i^and  —F.     Then  F  at  A,  and  —  F  at  B,  form  a  couple,  and 
there  remains  F  at  B. 

From  this  we  have,  at  once,  the  conditions  of  equilibriuni  Application 
of  a  rigid  body  already  investigated  in  §  552.  For,  each  force  bnnmof 
may  be  transferred  to  any  assumed  point  as  origin,  if  we  intro- 
duce the  corresponding  couple.  And  the  forces,  which  now  act 
at  one  point,  must  equilibrate  according  to  the  principles  of 
Chap.  VI. ;  while  the  resultant  couple,  and  therefore  its  com- 
ponents about  any  three  lines  at  right  angles  to  each  other,  must 
vanish. 
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Forces  n-        559  (/.     Hence  forces  represented,  not  merely  in  magnitude 
by  the  sides  and  direction,  but  in  lines  of  action,  bv  the  sides  of  any  closed 

Ota  polygon.  iii  .i  "  -i  -i 

polygon  whether  plane  or  not  plane,  are  equivalent  to  a  smgle 
couple.  For  when  transferred  to  any  origin,  they  equilibrate, 
by  the  Polygon  of  Forces  (§§  27,  256).  When  the  polygon  is 
plane,  twice  its  area  is  the  moment  of  the  couple ;  when  not 
plane,  the  component  of  the  couple  about  any  axis  is  twice  the 
area  of  the  projection  on  a  plane  perpendicular  to  that  axis.  The 
resultant  couple  has  its  axis  perpendicular  to  the  plane  (§  236 » 
on  which  the  projected  area  is  a  maximum. 

forces  pro-       559  6.     Lincs,  perpendicular  to  the  sides  of  a  triangle,  and 

portional  .  ,  i.i-  'iii  •  ii-  i 

andperpeii-  passing  through  their  middle  points,  meet;  and  their  mutual 
the  sides  of  inclinations  are  equal  to  the  changes  of  direction  at  the  corners, 

&  triangle.  ... 

in  travelling  round  the  triangle.  Hence,  if  at  the  middle  points 
of  the  sides  of  a  triangle,  and  in  its  plane,  forces  be  applied  all 
inwards  or  all  outwards;  and  if  their  magnitudes  be  proportional 
to  the  sides  of  the  triangle,  they  are  in  ecjuilibrium.  The  same 
is  true  of  any  plane  polygon,  as  we  readily  see  by  dividing  it 
into  triangles.  And  if  forces  equal  to  the  areas  of  the  faces  be 
applied  perpendicularly  to  the  faces  of  any  closed  polyhedron,  at 
their  centres  of  inertia,  all  inwards  or  all  outwards,  these  also 
will  form  an  equilibrating  system ;  as  we  see  by  considering  the 
evanescence  of  (i)  the  algebraic  sum  of  the  projections  of  the 
areas  of  the  faces  on  any  plane,  and  of  (ii)  the  algebraic  sum  of 
the  volumes  of  the  rings  described  by  the  faces  when  the  solid 
figure  is  made  to  rotate  round  any  axis,  these  volumes  being 
reckoned  by  aid  of  Pappus'  theorem  (§  569,  below). 

composi-  559  /'  A  couple  and  a  force  in  a  given  line  inclined  to  its 
force  and  plane  may  be  reduced  to  a  smaller  couple  in  a  plane  perpen- 
dicular to  the  force,  and  a  force  equal  and  parallel  to  the  given 
force.  For  the  couple  may  be  resolved  into  two,  one  in  a  plane 
containing  the  direction  of  the  force,  and  the  other  in  a  plane 
perpendicular  to  the  force.  The  force  and  the  component 
couple  in  the  same  plane  with  it  are  equivalent  to  an  equal 
force  acting  in  a  parallel  line,  according  to  the  converse  of 
§  559  c. 
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559  g.     We    have   seen    that  any   set    of  forces   acting  on  Composi- 
a  rigid  body  may  be  reduced  to  a  force   at  any  point  and  a  any  set  of 
couple.     Now  (S  559  f)  these  may  be  reduced  to  an  equal  force  ingona 
actmg  in  a  dennite  line  in  the  body,  and  a  couple  whose  plane  is 
perpendicular  to  the  force,  and  which  is  the  least  couple  which, 
with  a  single  force,  can  constitute  a  resultant  of  the  given  set  of 
forces.     The  definite  line  thus  found  for  the  force  is  called  the 
Central  Axis.    It  is  the  line  about  which  the  sum  of  the  moments  Central 
01  the  given  forces  is  least. 

With  the  notation  of  §§  552,  553,  let  us  suppose  the  origin  to 
be  changed  to  any  point  x',  y\  z.  The  resultant  force  has  still 
the  components  2  (A"),  %  (F),  %  (Z),  or  BI,  Rm,  Rn,  parallel  to 
the  axes.     But  the  couoles  now  are 

i. 

^[Z{y-y')-Y{z-z')],  ^\X{z-z)-Z{x-x')l  %[Y{x-x')-X[y-y')]- 

or 

GX-R (ny' -  mz),  Gfx-R {Iz  - nx),  Gv - R {mx' -  ly'\ 

The  conditions  that  the  resultant  force  shall  be  perpendicular  to 
the  plane  of  the  resultant  couple  are 

G\-R{ny'-mz')  _  Gjx  -  R  {Iz -nx')  _Gv-R  {mx  -  ly) 
I  m  n  ' 

These   two  equations  among  x,  y',  z'  are  the  equations  of  the 
central  axis. 

We  find  the  same  two  equations  by  investigating  the  con- 
ditions that  the  resultant  couple 

J[G\-R{ny'-mz')Y+  [Gfji-R{lz-  m;')]^+  [Gv  -R{mx'-  ly')]' 
may  be  a  minimum   subject  to  independent  variations   of  x', 

560.      By  combining  the  resultant  force    with   one   of    the  Riduction 
forces  of  the  resultant  couple,  we  have  obviously  an  infinite  forces! 
number  of  ways  of  reducing  any  set  of  forces  acting  on  a  rigid 
body  to  two  forces  whose  directions  do  not  meet.     But  there  is 
one  case  in  which  the  result  is  symmetrical,  and  which  is  there- 
fore worthy  of  special  notice. 

Supposing  the  central  axis  of  the  system  has   been  found,  Symmetri- 
draw  a  line,  AA',  at  right  angles  to  it  through  any  point  C  of 
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symmetri-  it,  an<l  make  CA  equal  to  CA'.  For  R,  acting  along  the  central 
axis,  substitute  (by  §  561)  i/i  at  each  end  of  AA'.  Then, 
choosing  this  line  A  A'  as  the  arm  of  the  couple,  and  calling  it 

a,  wc  have  at  one  extremity  of  it,  two  forces,  —  perpendicular 

to  the  central  axis,  and  hR  parallel  to  the  central  axis.     Com- 

pounding  these  we  get  two  forces,  each  equal  to  l\R'  +  —^]  , 

througli    A   and   A'   respectively,    perpendicular  to   AA',  and 
inclined  to  the  plane  through   A  A'  and  the  central  axis,  at 

2G 

angles  on  the  two  sides  of  it  each  equal  to  tan"'  p-  . 


Composi- 
tion of 
narnllcl 
forcf>*. 


561.  A  very  simple,  but  important,  case,  is  that  of  any 
number  of  parallel  forces  acting  at  different  points  of  a  rigid 
body. 

Here,  for  equilibrium,  obviously  it  is  necessary  and  suflBcient 
that  the  algebraic  sum  of  the  forces  be  nil ;  and  that  the  sura  of 
their  moments  about  any  two  axes  perpendicular  to  the  com- 
mon direction  of  the  forces  be  also  nil. 

Tliis  clearly  implies  (§  553)  that  the  sum  of  their  momeuta 
about  any  axis  whatever  is  nil. 

To  express  the  condition  in  rectangular  coordinates,  let 
I\,  P^,  ike.  be  the  forces;  (.r,,  y,,  s,),  (x,,  y,,  z,),  (fee.  points  in 
their  lines  of  action ;  and  f,  m,  n  the  direction  cosines  of  a 
line  parallel  to  them  all.  The  geuend  equations  [§  552  (1),  (2)] 
of  equilibrium  of  a  rigid  liody  become  in  this  case, 

aP=Q,    naP  =  0,    n2P  =  0; 

n:S.Pi/-m^Pz  =  0,     aPz-n^Px  =  0,     m^Px-aPj/  =  0. 

These  equations  are  equivalent  to  but  three  independent  equa- 
tions, which  may  be  written  as  follows  : 


i/'-.0, 


2Px  _  2£V  _  2/'s 


m 


n 


.{!). 


If  the  given  forces  are  not  in  equilibrium  a  single  force  may 
be  found  which  shall  be  their  resultant.  To  prove  this  let, 
if  possible,    a  force  -  P,  in   the  direction  (I,  m,  «),  at  a  point 
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(x,  y,   z)  equilibrate   the  given  forces.      By  (1)  we   have,  for  Composi- 

the  conditions  of  equilibrium  of  -is?,  P     P,,  &c.,  parallel 

forces 

B  =  -^P (2), 

and 

•$Px  -Rx     ^Py  -  Ry     ^Pz  -  Rz 


I  m 


n 


.(3). 


Equation  (2)  determines  R,  and  equations  (3)  are  the  equa- 
tions of  a  straight  line  at  any  point  of  which  a  force  equal  to 
-  R,  applied  in  the  direction  {I,  m,  n),  will  balance  the  given 
system. 

Suppose  now  the  direction  [I,  m,  n)  of  the  given  forces  to  be 
varied  while  the  magnitude  P, ,  and  one  point  (a;,,  y^,  s,)  in  the 
line  of  application,  of  each  force  is  kept  unchanged.  We  see  by 
(3)  that  one  point  [x,  y,  z)  given  by  the  equations 

-      5Pa;      -     ^Py      _     %Pz  ,^, 

^  =  -:r'  y=-R- '  '  =  ^ (^^' 

is  common  to  the  lines  of  the  resultants. 

The  point  («,  y,  z)  given  by  equations  (4)  is  what  is  called 
the  centre  of  the  system  of  parallel  forces  Pj  at  {x^,  y^,  z^,  P^ 
at  (cc^,  y^,  z^,  &c. :  and  we  have  the  proposition  that  a  force  in 
the  line  through  this  point  parallel  to  the  lines  of  the  given 
forces,  equal  to  their  sum,  is  their  resultant.  This  proposition 
is  easily  proved  synthetically  by  taking  the  forces  in  any  order 
and  finding  the  resultant  of  the  first  two,  then  the  resultant  of 
this  and  the  third,  then  of  this  second  force,  and  so  on.  The  line 
of  the  first  subsidiary  resultant,  for  all  varied  directions  of  the 
given  forces,  passes  through  one  and  the  same  point  (that  is  the 
point  dividing  the  line  joining  the  points  of  application  of  the 
first  two  forces,  into  parts  inversely  as  their  magnitudes). 
Similarly  we  see  that  the  second  subsidiary  resultant  passes 
always  through  one  determinate  point :  and  so  for  the  third, 
and  so  on  for  any  number  of  forces. 

562.      It  is  obvious,  from  the  formulas  of  §  230,  that  if  masses  Centre  of 
proportional  to  the  forces  be  placed  at   the  several  points  of^ 
application  of  these  forces,  the  centre  of  inertia  of  these  masses 
will  be  the  same  point  in  the  body  as  the  centre  of  parallel 
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three 
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Physical 
axiom. 


forces.  Hence  the  reactions  of  the  different  parts  of  a  rigid 
body  against  acceleration  in  jxirallel  lines  are  rigorously  re- 
ducible to  one  force,  acting  at  the  centre  of  inertia.  The  same 
is  true  approximately  of  the  action  of  gravity  on  a  rigid  body 
of  small  dimensions  relatively  to  the  earth,  and  hence  the 
centre  of  inertia  is  sometimes  (§  230)  called  the  Centre  of 
Gi-avity.  But,  except  on  a  centrobaric  body  (§  534),  gravity  is 
in  general  reducible  not  to  a  single  force  but  to  a  force  and 
couple  (§  550  g) ;  and  the  force  does  not  pass  through  a  point 
fixed  relatively  to  the  body  in  all  the  positions  for  which  the 
couple  vanishes. 

563.  In  one  case  the  proposition  of  §  561,  that  the  system 
has  a  single  resultant  force,  must  be  modified  :  that  i.s  the  case 
in  which  the  algebraic  sum  of  the  given  forces  vanishes.  In 
this  case  the  resultant  is  a  couple  whose  plane  is  parallel  to  the 
common  direction  of  the  forces.  A  good  example  of  this  case 
is  furnished  by  a  magnetized  mass  of  steel,  of  moderate  dimen- 
sions, subject  to  the  influence  of  the  earth's  magnetism.  The 
amounts  of  the  so-called  north  and  south  magnetisms  in  each 
element  of  the  mass  are  equal,  and  are  therefore  subject  to  equal 
and  opposite  forces,  parallel  in  a  rigorously  uniform  field  of 
force.  Thus  a  compass-needle  experiences  from  the  earth's 
magnetism  sensibly  a  couple  (or  directive  action),  and  is  not 
sensibly  attracted  or  repelled  as  a  whole. 

564.  If  three  forces,  acting  on  a  rigid  body,  produce  equili- 
brium, their  directions  must  lie  in  one  plane;  and  must  all  meet 
in  one  point,  or  be  parallel.  For  the  jiroof  we  may  introduce 
a  consideration  which  will  be  very  useful  to  us  in  investigations 
connected  with  the  statics  of  flexible  bodies  and  fluids. 

If  any  forces,  acting  on  a  solid,  or  fuid  body,  produce 
equilibrium,  we  may  suppose  any  portions  of  the  body  to  become 
fixed,  or  rigid,  or  rigid  and  fixed,  xoithout  destroying  the  equi- 
librium. 

A])plying  this  principle  to  the  case  above,  suppose  any  two 
points  of  the  body,  respectively  in  the  lines  of  action  of  two  of 
the  forces,  to  be  fixed.     The  third  force  must  have  no  moment 
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about  the  line  joining  these  points ;  in  other  words,  its  direction  Physical 
must  pass  through  that  line.     As  any  two  points  in  the  lines  of 
action  may  be  taken,  it  follows  that  the  three  forces  are  coplanar. 
And  three  forces,  in  one  plane,  cannot  equilibrate  unless  their 
directions  are  parallel,  or  pass  through  a  point. 

565.  It   is  easy,  and   useful,  to  consider  various  cases   ofEquiiibri- 
equilibrium  when  no   forces   act   on  a  rigid  body  but  gravity  the  action 
and  the  pressures,  normal  or  tangential,  between  it  and  fixed 
supports.     Thus  if  one  given  point  only  of  the  body  be  fixed,  it 

is  evident  that  the  centre  of  inertia  must  be  in  the  vertical  line 
through  this  point.  For  stable  equilibrium  the  centre  of  inertia 
need  not  be  heloiu  the  point  of  support  (§  566). 

566.  An  interesting  case  of  equilibrium  is  suggested  by  Eocking 
what  are  called  Rocking  Stones,  where,  whether  by  natural  or ' 
by  artificial  processes,  the  lower  surface  of  a  loose  mass  of  rock 
is  worn  into  a  convex  or  concave,  or  anticlastic  form,  while  the 
bed  of  rock  on  which  it  rests  in  equilibrium  may  be  convex 
or  concave,  or  of  an  anticlastic  form.  A  loaded  sphere  resting 
on  a  spherical  surface  is  a  particular  case. 

Let  0,  0'  be  the  centres  of  curvature  of  the  fixed,  and  rock- 
ing, bodies  respectively,  when  in  the  position  of 
equilibrium.  Take  any  two  infinitely  small, 
equal  arcs  PQ,  Pp ;  and  at  Q  make  the  angle 
O'QR  equal  to  POj).  When,  by  displacement,  Q 
and  p  become  the  points  in  contact,  QR  will 
evidently  be  vertical;  and,  if  the  centre  of  inertia 
G,  which  must  be  in  OPO'  when  the  movable 
body  is  in  its  position  of  equilibrium,  be  to  the 
left  of  QR,  the  equilibrium  will  obviously  be 
stable.  Hence,  if  it  be  below  R,  the  equilibrium 
is  stable,  and  not  unless. 

Now  if  p  and  <r  be  the  radii  of  curvature  OP, 
(JP  of  the  two  surfaces,  and  6  the  angle  POp,  the  angle  QO'R 

will  be  equal  to  — ;  and  we  have  in  the  triangle  QO'R  (§  112) 


RO' 


a 


sin  6 


{' 


sm  (  ^  + 


pd\ 


a  :  a  +  p  (approximately). 
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Heuce 
and  therefore,  for  stable  equilibrium, 


[56C. 


p  ■\-  a 

If  the  lower  surface  be  plane,  p  is  in6nite,  and  the  condition 
becomes  (as  iu  §  291) 

PG<<T. 

If  the  lower  surftice  be  concave  the  sign  of  p  must  be  changed, 
and  the  condition  becomes 

PG<:    P^, 

p-<T 

which  cannot  be  negative,  since  p  must  be  numerically  greater 
than  a  in  this  case. 

567.  If  two  points  be  fixed,  the  only  motion  of  which  the 
system  is  capable  is  one  of  rotation  about  a  fixed  axis.  The 
centre  of  inertia  must  then  be  in  the  vertical  plane  passing 
through  those  points.  For  stability  it  is  necessary  (§  566)  that 
the  centre  of  inertia  be  below  the  line  joining  them. 

568.  If  a  rigid  body  rest  on  a  frictional  fixed  surface  there 
will  in  general  be  only  tlvee  points  of  coptact ;  and  the 
body  will  be  in  stable  equilibrium  if  the  vertical  line  drawn 
from  its  centre  of  inertia  cuts  the  plane  of  these  three  points 
witkin  the  triangle  of  which  they  form  the  comers.  For  if  one 
of  these  supports  be  removed,  the  body  will  obviously  tend  to 
fall  towards  that  support.  Hence  each  of  the  three  prevents 
the  body  from  rotating  about  the  line  joining  the  other  two. 
Thus,  for  instance,  a  body  stands  stably  on  an  inclined  plane  (if 
the  friction  be  sufficient  to  prevent  it  from  sliding  down)  when 
the  vertical  line  drawn  through  its  centre  of  inertia  falls  within 
the  base,  or  area  bounded  by  the  shortest  line  which  can  be 
drawn  round  the  portion  in  contact  with  the  plane.  Hence  a 
body,  which  cannot  stand  on  a  horizontal  plane,  may  stand  on 
an  inclined  plane. 
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569.  A   curious   theorem,  due  to    Pappus,   but    commonly  Pappus' 
attributed  to  Guldinus,  may  be  mentioned  here,  as  it  is  em- 
ployed with  advantage  in  some  cases  in  finding  the  centre  of 
gravity  (or  centi-e  of  inertia)  of  a  body.     It   is  obvious  from 

§  230.  //'  a  jjZa?ie  closed  curve  revolve  through  any  angle  about 
an  axis  in  its  plane,  the  solid  content  of  the  surface  generated  is 
equal  to  the  product  of  the  area  of  the  curve  into  the  length  of  the 
path  described  by  the  centre  of  inertia  of  the  area  of  the  curve ; 
and  the  area  of  the  curved  surface  is  equal  to  the  product 
of  the  length  of  the  curve  into  the  length  of  the  path  described 
by  the  centr-e  of  inertia  of  the  curve. 

570.  The  general  principles  upon  which  forces  of  constraint 
and  friction  are  to  be  treated  have  been  stated  above  (§§  293, 
329,  4)52).  We  add  here  a  few  examples  for  the  sake  of  illus- 
trating the  application  of  these  principles  to  the  equilibrium 
of  a  rigid  body  in  some  of  the  more  important  practical  cases 
of  constraint. 

571.  The  application  of  statical  principles  to  the  2Ie-  Mechnnicai 
chanical  Poivers,  or  elementary  machines,  and  to  their  combi-  p°^"^- 
nations,  however  complex,  requires  merely  a  statement  of  their 
kinematical  relations  (as  in  §§  79,  85, 102,  &c.)  and  an  immediate 
translation  into  Dynamics  by  Newton's  principle  (§  269) ;  or  by 
Lagrange's  Virtual  Velocities  (§§  289,  290),  with  special  atten- 
tion to  the  introduction  of  forces  of  friction  as  in  §  452.     In  no 

case  can  this  process  involve  further  difficulties  than  are  implied 
in  seeking  the  geometrical  circumstances  of  any  infinitely  small 
disturbance,  and  in  the  subsequent  solution  of  the  equations 
to  which  the  translation  into  dynamics  leads  us.  We  will  not, 
therefore,  stop  to  discuss  any  of  these  questions ;  but  will  take 
a  few  examples  of  no  very  great  difficulty,  before  quitting  for 
a  time  this  part  of  the  subject.  The  principles  already  de- 
veloped will  be  of  constant  use  to  us  in  the  remainder  of  the 
work,  which  will  furnish  us  with  ever-recurring  opportunities 
of  exemplifying  their  use  and  mode  of  application. 

Let  us  begin  with  the  case  of  the  Balance,  of  which  we 
promised  (§  431)  to  give  an  investigation. 
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Examples.  572.  E.r.  I.  The  centre  of  gravity  of  the  beam  raust  not 
coincide  \vith  the  knife-edge,  or  else  the  beam  would  rest  in- 
differently in  any  position.  We  shall  suppose,  in  the  first  place, 
that  the  arms  are  not  of  equal  length. 

Let  0  be  the  fulcrum,  G 
Q  the  centre  of  gravity  of  the 
beam,  M  its  mass ;  and  sup- 
pose that  with  loads  P  and  Q 
in  the  pans  the  beam  rests 
(as  drawn)  in  a  position 
making  an  angle  6  with  the 
horizontal  line. 

Senaibiiity.  Taking  moments  about  0,  and,  for  convenieuce  (see  §  220), 
using  gravitation  measurement  of  the  forces,  we  have 

q{AB co^  e  +  OA  sin  6)  +  M.  OG s\n0=P {AC cos  6-0 A  sin  6). 

From  this  we  find 

.      ._     P.AC-Q.AB 
^"""^       {P+i.OOA+M.OG- 
Ii  the  arms  be  equal  we  have 

.o_         (P-Q)AB 
^^^^-(p-^Q^OA  +  M.OG- 

Hence  the  Sensibility  (§  431)  is  greater,  (1)  as  the  arms  are 
longer,  (2)  as  the  mass  of  the  beam  is  less,  (3)  as  the  fulcrum 
is  nearer  to  the  line  joining  the  points  of  attachment  of  the 
pans,  (4)  as  the  fulcrum  is  nearer  to  the  centre  of  gravity  of 
the  beam.  If  the  fulcrum  be  in  the  line  joining  the  points  of 
attachment  of  the  pans,  the  sensibility  is  the  same  for  the  same 
difference  of  loads  in  the  pans. 

Ex.  II.  Find  the  position  of  equilibrium  of  a  rod  AB 
resting  on  a  frictionless  horizontal  rail  D,  its  lower  end  pressing 
against  a  frictionless  vertical  wall  AC  parallel  to  the  rail. 

The  figure  represents  a  verticid  section  through  the  rod, 
which  must  evidently  be  in  a  plane  perpendicular  to  the  wall 
and  rail.     The  equilibrium  is  obviously  unstable. 


KxAmpIoH. 
Bod  with 
frictionlis* 
constraint. 
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The  only  forces  acting  are  three,  R  the  pressure  of  the  wall  Examples. 
on  the  rod,  horizontal ;    S  that  of  the  rail  on  the  rod,  perpendi-  frictioniess 

1.1  1     TTT     1  •    1  ^  r      r  constraint. 

cular  to  the  rod;  W  the  weight 
of  the  rod,  acting  vertically 
downwards  at  its  centre  of 
gravity.  If  the  half-length  of 
the  rod  be  a,  and  the  distance 
of  the  rail  from  the  wall  b, 
these  are  given — and  all  that 
is  wanted  to  fix  the  position  of 

equilibrium  is  the  angle,  CAB,  which  the  rod  makes  with  the 

b 


wall.     If  we  call  it  6  we  have  AI)  = 


sin  6 


Resolving  horizontally,     R  —  Scos6  =  0  (1), 

vertically,  TF-^sin^  =  0 (2). 

Taking  moments  about  A 

S.AB-W  .asm6=0, 
or  S.b-  W.asm'd  =  0 (3). 

As  there  are  only  three  unknown  quantities  R,  S,  and  6,  these 
three  equations  contain  the  complete  solution  of  the  problem. 
By  (2)  and  (3) 


And  by  (2) 
and  by  (1) 


sin'  6  =  ~  ,  which  gives  6. 
a  ° 


S  = 


w 


sin^' 
R  =  Scose=  WcotO. 


Ex.  III.     As  an  additional  example,  suppose  the  wall  and  Rod  con- 
rail  to  be  frictional,  and  let  fi  be   the    coefficient  of  statical  frictionai 
friction  for  both.     If  the  rod  be  placed  in  the  position  of  equi- 
librium  just  investigated  for  the  case  of  no  friction,  none  ^vill 
be  called  into  play,  for  there  will  be  no  tendency  to  motion  to 
be  overcome.     If  the  end  A  be  brought  lower  and  lower,  more 

8—2 
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Eiampifs.    and  more  friction  will  be  called  into  play  to  overcome  the  tend- 
straineiiiiy  encv  of  the  rod  to  fall  between  the  wall  and  the  rail,  until  we 

frictlonal  ''  ,•      •    •  •  ,  •    i  •  •        , 

•urfaocs.  come  to  a  limiting  position  in  which  motion  is  about  to  com- 
mence. In  that  position  the  friction  at  -4  is  ft  times  the  pres- 
sure on  the  wall,  and  acts  upwards.  That  at  IJ  is  fj,  times  the 
pressure  on  the  rod,  and  acts  in  the  direction  DB.  Putting 
CAD  =  6^  in  this  case,  our  three  equations  become 

R^  + fiS^  sin  e^- S^  cos  0^  =0 (1,), 

W-  fiR,-  S,  sin  e^-fiS^cos.  (9,  =  0 (2,), 

SJ)-Wasin^e^  =() (8,). 

The  directions  of  both  the  friction-forces  passing  through  A, 
neither  appears  in  (3,).  This  is  why  A  is  preferable  to  any 
other  point  about  which  to  take  moments. 

By  eliminating  R^  and  S^  from  these  equations  we  get 

l-^siu'^,  =  ^^sin'<9,(2cos(9,-/xsin^,) (4,), 

from  which  6^  is  to  be  found.  Then  S^  is  known  from  (3,), 
and  i?,  from  either  of  the  others. 

If  the  end  A  be  raised  above  the  position  of  equilibrium 
without  friction,  the  tendency  is  for  the  rod  to  fall  outside  the 
rail ;  more  and  more  friction  will  bo  called  into  play,  till  the 
position  of  the  rod  (6^)  is  such  that  the  friction  reaches  its 
greatest  value,  fi  times  the  pressure.  We  may  thus  find 
another  limitinfj  position  for  stability;  and  in  any  position 
between  these  the  r(td  is  in  equilibrium. 

It  is  useful  to  observe  that  in  this  second  case  the  direction 
of  each  friction  is  the  opposite  to  that  in  the  former.  Hence 
equations  of  the  first  case,  with  the  sign  of  fj,  changed,  serve 
for  the  second  case.     Thus  for  6^,  by  (4J, 

1  -  ,  sin'  6^=-  fi  J-  sin* ^, (2  cos 0,  +  fi  sin 6^. 
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A  rectangular  block  lies  on  a  frictional  horizontal  Examples. 

°  Block  on 

frictional 


Ex.  IV 
plane,  and  is  acted  on  by  a  hori- 
zontal force  whose  line  of  action 
is  midway  between  two  of  the 
vertical  sides.  Find  the  mag- 
nitude of  the  force  when  just 
sufficient  to  produce  motion, 
and  whether  the  motion  will 
be  of  the  nature  of  sliding  or 
overturning. 


plane. 


&-A^>*^^^^i|?sI%S;'- 


If  the  force  P  is  on  the  point  of  overturning  the  body,  it  is 
evident  that  it  w^ill  turn  about  the  edge  A,  and  therefore  the 
pressure,  R,  of  the  plane  and  the  friction,  S,  act  at  that  edge. 
Our  statical  conditions  are,  of  course, 

R=  W, 
S  =  F, 

Wb  =  Pa, 
where  b  is  half  the  length  of  the  solid,  and  a  the  distance  of  P 

from  the  plane.     From  these  we  have  S  =  -  W. 

^  a 


Now   S  cannot   exceed   fxR,  whence    we  must  not   have 


a 


greater  than  /x,  if  it  is  to  be  possible  to  upset  the  body  by  a 
horizontal  force  in  the  line  given  for  P. 

A  simple  geometrical  construction  enables  us  to  solve  this 
and  similar  problems,  and  will  be  seen  at  once  to  be  merely  a 
graphic  representation  of  the  above  process.  Thus  if  w^e  pro- 
duce the  directions  of  the  applied  force,  and  of  the  weight,  to 
meet  in  H,  and  make  at  A  the  angle  BAK  whose  co-tangent 
is  the  coefficient  of  friction :  there  will  be  a  tendency  to  upset, 
or  not,  according  «v^  ^  is  above,  or  below,  AK. 

Ex.  V.     A  mass,  such  as  a  gate,  is  supported  by  two  rings,  ^^^^^ 
A  and  B,  which  pass  loosely  round  a  vertical  post.     In  equi-  riJ^pa^- 
Hbrium,  it  is  obvious  that  at  A  the  part  of  the  ring  nearest  the  J-oS^'h^t.* 
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Bxampips.    mass,  and  at  B  the  part  farthest  from  it,  will  be  in  contact  with 

Mas-;  suji-  '  1  rril 

port«d  by  the  Dost.  The  pressures  exerted 

rinfcs  pass-  ^^       i  «.  !  ^  »  ' 

infc  round  n 
ronith  post. 


on  the  rings,  B  and  S,  will  evi- 
dently be  in  the  directions  AC, 
CB,  indicated  in  the  diagram, 
which,  if  no  other  force  besides 
gravity  act  on  the  mass,  must 
meet  in  the  vertical  through  its 
centre  of  inertia.     And  it  is  obvious  that,  however  small  be  the 
coeflBcient  of  friction,  provided  there  be  any  force  of  friction  at 
all,  equilibrium  is  always  possible  if  the  distance  of  the  centre 
of  inertia  from  the  post  be  great  enough  compared  with  the 
distance  between  the  rings. 

When  the  mass  is  just  about  to  slide  down,  the  full  amount 
of  friction  is  called  into  play,  and  the  angles  which  B  and  S 
make  with  the  horizon  are  each  equal  to  the  sliding  angle.  If 
the  centre  of  inertia  of  the  gate  be  farther  from  the  post  than 
the  intersection  of  two  lines  drawn  from  A,  B,  at  the  sliding 
angles,  it  will  hang  stably  held  up  by  friction ;  not  unless.  A 
force  pushing  upwards  at  Q,,  or  downwards  at  Q^,  will  remove 
the  tendency  to  fall ;  but  a  force  upwards  at  Q,,  or  downwards 
;it  Q^,  will  produce  sliding. 

A  similar  investigation  is  easily  applied  to  the  jamming  of  a 
sliding  piece  or  drawer,  and  to  the  determination  of  the  proper 
point  of  application  of  a  force  to  move  it. 

573.  Having  thus  briefly  considered  the  equilibrium  of  a 
rigid  body,  we  propose,  before  entering  upon  the  subject  of  the 
deformation  of  elastic  solids,  to  consider  certain  intermediate 
cases,  in  each  of  which  we  make  a  particular  assumption  the 
basis  of  the  investigation,  and  thereby  avoid  a  very  considerable 
amount  of  analytical  difliculty. 

Kquiiibnura  574.  Very  excellent  examples  of  this  kind  are  furnished  by 
the  statics  of  a  flexible  and  inextensible  cord  or  chain,  fixed 
at  both  ends,  and  subject  to  the  action  of  any  forces.  The 
curve  in  which  the  chain  hangs  in  any  case  may  be  called  a 
Catenary,  although  the  term  is  usually  restricted  to  the  case  of 
a  uniform  chain  acted  on  by  gravity  only. 


of  a  floxiblo 
audinextcn- 
■ible  cord. 


CaU'tiary. 
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575.  We  may  consider  separately  the  conditions  of  equi-  Three 
librium  of  each  element;  or  we  may  apply  the  general  condition  iSvesUjra" 
(§  292)  that  the  whole  potential  energy  is  a  minimum,  in  the 

case  of  any  conservative  system  of  forces ;  or,  especially  when 
gravity  is  the  only  external  force,  we  may  consider  the  equi- 
librium of  definite  portion  of  the  chain  treated  for  the  time  as 
a  rigid  body  (§  564). 

576.  The  first    of   these  methods  gives    immediately   the  Equationsof 

.,„,,.  .  f  -Ti     •  f<  1  •      equilibrium 

three  loUowmg  equations  oi  equilibrium,  tor  the  catenary  mwuhrefer- 

general  : —  tangent  and 

osculating 
plane. 

(1)  The  rate  of  variation  of  the  tension  per  unit  of  length 
along  the  cord  is  equal  to  the  tangential  component  of  the 
applied  force,  per  unit  of  length. 

(2)  The  plane  of  curvature  of  the  cord  contains  the  normal 
component  of  the  applied  force,  and  the  centre  of  curvature  is 
on  the  opposite  side  of  the  arc  from  that  towards  which  this 
force  acts. 

(3)  The  amount  of  the  curvature  is  equal  to  the  normal 
component  of  the  applied  force  per  unit  of  length  at  any  point 
divided  by  the  tension  of  the  cord  at  the  same  point. 

The  first  of  these  is  simply  the  equation  of  equilibrium  of 
an  infinitely  small  element  of  the  cord  relatively  to  tangential 
motion.  The  second  and  third  express  that  the  component  of 
the  resultant  of  the  tensions  at  the  two  ends  of  an  infinitely 
small  arc,  along  the  normal  through  its  middle  point,  is  directly 
opposed  and  is  equal  to  the  normal  applied  force,  and  is  equal 
to  the  whole  amount  of  it  on  the  arc.  For  the  plane  of  the 
tangent  lines  in  which  those  tensions  act  is  (§  8)  the  plane 
of  curvature.  And  if  6  be  the  angle  between  them  (or  the  in- 
finitely small  angle  by  which  the  angle  between  their  positive 
directions  falls  short  of  tt),  and  T  the  arithmetical  mean  of 
their  magnitudes,  the  component  of  their  resultant  along  the 
line  bisecting  the  angle  between  their  positive  directions  is 
2!rsin  hd,  rigorously:  or  TO,  since  6  is  infinitely  small.  Hence 
T6  =  Nhs,  if  hs  be  the  length  of  the  arc,  and  Nhs  the  whole 
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.q^nihb'rmm  amount  of  Dormal  force    applied  to  it.     But  (§  9)  6  =  —  if  p 

with  refer-  p 

la^mana  ^^  the  radius  of  curvature;  and  therefore 

OM'ulatinK 

plane.  1        JV" 

P        ^ 

whicli  is  the  equation  stated  in  words  (3)  above. 


intepmi  for      577.     From  (1)  of  §  576,  we  see  tliat  if  the  applied  forces 
on  each  particle  of  the  cord  constitute  a  conservative  system, 
and  if  the  cord  be  homogeneous,  the  difference  of  the  tensions 
•  of  the  cord  at  any  two  points  of  it  when  hanging  in  equi- 

librium, is  equal  to  the  ditference  of  the  potential  (§  485)  of  the 
forces  between  the  positions  occupied  by  these  points.  Hence, 
whatever  be  the  position  where  the  potential  is  reckoned  zero, 
the  tension  of  the  string  at  any  point  is  equal  to  the  potential 
at  the  position  occupied  by  it,  -vsith  a  constant  added. 

Cartesian         578.     Instead  of  considering  forces  along  and  perpendicular 

L-quations  of  ,  in  ni  n        ■<     ■,• 

equilibrium,  to  tlie  tangent,  we  may  resolve  all  parallel  to  any  fixed  direc- 
tion: and  we  thus  see  that  the  component  of  applied  force  per 
unit  of  length  of  the  chain  at  any  point  of  it,  must  be  equal  to 
the  rate  of  diminution  per  unit  of  length  of  the  cord,  of  the 
component  of  its  tension  parallel  to  the  fixed  line  of  this  com- 
ponent. By  choosing  any  three  fixed  rectangular  directions  we 
thus  have  the  three  ditferential  equations  convenient  for  the 
analytical  treatment  of  catenaries  by  the  method  of  rectangular 
co-ordinates. 

These  equations  are 


ds  \     ds  ) 


(1). 


if  8  denote  the  length  of  the  cord  from  any  point  of  it,  to  a  point 
P ;  X,  y,  z  the  rectjinguhvr  co-ordinates  of  P)  X,  Y,  Z  the  com- 
ponents of  the  applied  forces  at  P,  per  unit  uiii.«<8  of  the  cord ;  <r 
the  moss  of  the  cord  per  unit  length  at  P ;  and  T  its  tension  at 
this  point. 
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These  equations  aflford  analytical  proofs  of  §  576,  (1),  (2),  and  Cartesian 
(3)  thus : — Multiplying  the  first  by  dx,  the  second  by  dy,  and  equilibrium, 
the  third  by  dz,  adding  and  observing  that 

dx  Ax      dy  Ay      dz  .dz     ,  ^dmf  ■>r  dy-  ■\-dz^     . 

-rd-j-  +  -y-d-~  +  -Yd:r=hd f-^ =  0, 

as     ds      ds     ds      ds    ds     ^  ds 

we  have 

dT^-<r{Xdx+Ydy  +  Zdz)  =  -cT(x'^£+Y'^^z'^\ds...{% 

which  is  (1)  of  §  576,     Again,  eliminating  dT  and  T,  we  have 

^fdy   dz     dz ^dy\     ../dz.dx      dx ^dz\      ^fdx,dy     dy jdx\     _  ,„, 

\ds    ds     ds    ds)         \ds    ds      ds    ds)         \ds    ds     ds    ds  J 

which  (§§  9,  26)  shows  that  the  resultant  of  X,  F,  ^^  is  in  the 
osculating  plane,  and  therefore  is  the  analytical  expression  of 

dec 

§  576  (2).     Lastly,  multiplying  the  first  hj  d-=-,  the  second  by 

d-^,  and  the  third  by  d-j- ,  and  adding,  we  find 

(xd^^Yd$^Zdf)ds 
_     \       ds  ds  ds) 

which  is  the  analytical  expression  of  §  576  (3). 

579.     The  same  equations  of  equilibrium  may  be  derived  Method  of 
from   the   energy  condition  of  equilibrium;   analytically  witli  ®°^'"^^- 
ease  by  the  methods  of  the  calculus  of  variations. 

Let  V  be  the  potential  at  (x,  //,  z)  of  the  applied  forces  per  catenary 
unit  mass  of  the  cord.    The  potential  energy  of  any  given  length 
of  the  cord,  in  any  actual  position  between  two  given  fixed  points, 
will  be  J  Vads. 

This  integral,  extended  through  the  given  length  of  the  cord 
between  the  given  points,  must  be  a  minimum ;  while  the  in- 
definite integral,  s,  from  one  end  up  to  the  point  (x,  y,  a)  remains 
imchauged  by  the  variations  in  the  positions  of  this  point. 
Hence,  by  the  calculus  of  variations, 

ZjV<jds+^\Ms  =  0, 
where  \  is  a  function  of  a;,  y,  s  to  be  eliminated. 
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Oatenary.  Now  o"  is  a  functiou  of  8,  and  therefore  as  s  does  not  vary 

when  x,7/,  z  are  changed  into  a;  +  &E,  y  +  hy,  s+Sz,  the  co-ordinatea 
of  the  same  particle  of  the  chain  in  another  position,  we  have 

Z{<tV)  =  irh  V^  -  <T  (X&r  +  ySy  +  Zhz). 

Using  this,  and 

^         dxdSx  +  dydhy  +  dzdhz 

ocw= ; , 

ds 

in  the  variational  equation  ;   and  integrating  the  last  term  by 
parts  according  to  the  usual  rule ;  we  have 


Enertry  whcnce  finally 

equation  of  •' 

eqailibrium. 


|{(r..x)g}.x.=o, 


J 


which,  if  T  be  put  for  V(t  +  X,  are  the  same  as  the  equations  (1) 

of  §578. 

Common  580.     The  form  of  the  common  catenary  (§  574)  may  be  of 

course  investigated  from  the  differential  equations  (§  578)  of 
the  catenary  in  general.  It  is  convenient  and  instructive, 
however,  to  work  it  out  ab  initio  as  an  illustration  of  the  third 
method  explained  in  §  575. 

Third  metfwd. — The  chain  being  in  equilibrium,  any  arc  of  it 
may  be  supposed  to  become  rigid  without  disturbing  the  e«|ui- 
librium.  ITie  only  forces  acting  on  this  rigid  body  are  the 
tensions  at  its  onds,  and  its  weight  These  forces  being  three 
in  number,  must  be  in  one  plane  (§  564),  and  hence,  since  one 
of  them  is  vertical,  the  whole  curve  lies  in  a  verticjil  plane.  In 
this  plane  let  x„,  2^,  »,,  x,,  «,,  »,,  belong  to  the  two  ends  of  the 
arc  which  is  supposed  rigid,  and  T^,  2*,,  the  tensions  at  those 
points.     Resolving  horizontally  we  have 

-.(^:)-.(S).- 
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dx 
Hence  T-r-  is  constant  throughout  the  curve.     Resolving  verti-  Catenary; 

cally  we  have 

the  weight  of  unit  of  mass  being  now  taken  as  the  unit  of  force. 

dz 
Hence  if  T^  be  the  tension  at  the  lowest  point,  where  t-  =  0, 

s  =  0,  and  T  the  tension  at  any  point  {x,  z)  of  the  curve,  we  have 


Hence 


^=^-l=-S (^)- 


d  [dz 


"^'dsKdx)     '^' 


or 


_  d^z        ds  i'       fdz\' 


Integrating  we  have 


and  the  constant  is  zero  if  we  take  the  origin  so  that  a;  =  0,  when 

dz 

—  =  0,  i.e.,  where  the  chain  is  horizontal. 
dx 


Hence 


dz 
dx 


J^<£)'^'' <')- 


whence  'T~^  ('^"  -  «  ^"  )  j 

and  by  integrating  again 

T  —X  --X 

This  may  be  written 

«=ia(e«+€'«)   (4), 

the  oi'dinary  equation  of  the  catenary,  the  axis  of  x  being  taken 

T 
at  a  distance  a  or  —2  below  the  horizontal  element  of  the  chain, 
cr 
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Relative 

kinetic 

problem 


CHUuary :  The    co-ordinates    of    that    element    are    therefore    x  =  0, 

oomtnoii.  rji 

z  =  —^  =  a.     The  lattor  shows  that 

To  =  era, 

or  the  tension  at  the  lowest  point  of  the  chain  (and  therefore 
also  the  horizontal  component  of  the  tension  throughout)  is  the 
weight  of  a  length  a  of  the  chain. 

Now,  by  (1),  T=  Tgj-^az,  by  (4),  and  therefore 

the  tension  at  any  point  is  equal  to  the  weight  of  a  portion  of 
the  chain  equal  to  the  vertical  ordinate  at  that  point. 

581.  From  §  57G  it  follows  immediately  that  if  a  material 
particle  of  unit  mass  be  carried  along  any  catenary  with  a  velo- 
city, s,  equal  to  T,  the  numerical  measure  of  the  tension  at  any 
point,  the  force  upon  it  by  which  this  is  done  is  in  the  same 
direction  as  the  resultant  of  the  applied  force  on  the  catenary  at 
this  point,  and  is  equal  to  the  amount  of  this  force  per  unit  of 
length,  multiplied  by  T.  For,  denoting  by  /S  the  tangential 
reiative'to    and  (tis  before)  by  N  the  normal  component   of  the  applied 

c*t<'narv.        _  -fii  •  Tk       f      ^ 

force  per  unit  oi  length  at  any  pomt  F  ot  the  catenary,  we 
have,  by  §  576  (1),  S  for  the  rate  of  variation  of  s  per  unit 
length,  and  therefore  Ss  for  its  variation  per  unit  of  time.  That 
is  to  say, 

s=Ss==ST, 

or  (§  259)  the  tangential  component  force  on  the  moving 
particle  is  equal  to  ST.     Again,  by  §  576  (3), 

NT=-  =  -, 
P      P 

or  the  centrifugal  force  of  the  moving  particle  in  the  circle  of 
curvature  of  its  path,  that  is  to  say,  the  normal  component  of 
the  force  on  it,  is  equal  to  NT.  And  lastly,  by  (2)  this  force 
is  in  the  same  direction  as  N.  We  see  therefore  that  the 
direction  of  the  whole  force  on  the  moving  particle  is  the 
same  as  that  of  the  resultant  of  S  and  N;  and  its  magnitude 
is  T  times  the  mannitude  of  this  resultant. 


Kin.tic 
question 
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Or,  by  taking  Kinetic 

,  question 

CIS  ^  relative  to 

TjT  —  "^>  catenary. 

in  the  differential  equation  of  §  578,  we  have 

cie  '      dt'  '     df  ' 

which  proves  the  same  conclusion. 

When  cr  is  constant,  and  the  forces  belong  to  a  conservative 
system,  if  V  be  the  potential  at  any  point  of  the  cord,  we  have, 
by  §578  (2),  T  =  crV+C. 

Hence,  if  11=  |(crF+  Cy,  these  equations  become 

d'^x  ^      dU       d'y  _     dU       d'z         dU 
df^~'dx'      'de^~Ty'      df^'l^' 

The  integrals  of  these  equations  which  agree  with  the  catenary, 
are  those  only  for  which  the  energy  constant  is  such  that  s"=  2  U. 

682.  Thus  we  see  how,  from  the  more  familiar  problems  Examples, 
of  the  kinetics  of  a  particle,  we  may  immediately  derive  curious 
cases  of  catenaries.  For  instance :  a  particle  under  the  in- 
fluence of  a  constant  force  in  parallel  lines  moves  (Chap,  viii.) 
in  a  parabola  with  its  axis  vertical,  with  velocity  at  each  point 
equal  to  that  generated  by  the  force  acting  through  a  space 
equal  to  its  distance  from  the  directrix.  Hence,  if  z  denote 
this  distance,  and  f  the  constant  force, 

T=J^z 

in  the  allied  parabolic  catenary ;  and  the  force  on  the  catenary 
LS  parallel  to  the  axis,  and  is  equal  in  amount  per  unit  of 
length,  to 

—  or  sjf 


Hence  if  the  force  on  the  catenary  be  that  of  gravity,  it  must 
have  its  axis  vertical  (its  vertex  downwards  of  course  for  stable 
equilibrium)  and  its  mass  per  unit  length  at  any  point  must  be 
inversely  as  the  square  root  of  the  distance  of  this  point  above 
the  directrix.  From  this  it  follo\\s  that  the  whole  weight  of 
any  arc  of  it  is  proportional  to  its  horizontal  projection.     Or, 
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Examples,  again,  as  will  be  proved  later  with  reference  to  the  motions  of 
comets,  a  particle  moves  in  a  parabola  under  the  influence  of  a 
force  towards  a  fi.xed  point  varying  inversely  as  the  square  of 
the  distance  from  this  point,  if  its  velocity  be  that  due  to  falling 

from  rest  at  an  infinite  distance.     This  velocity  being  .  /— ,  at 

distance  r,  it  follows,  according  to  §  581,  that  a  cord  will  hang 
in  the  same  parabola,  under  the  influence  of  a  force  towards 
the  same  centre,  and  equal  to 


It 
r 


^  •  Vr  '  °''  V^- 


If,  however,  the  length  of  the  cord  be  varied  between  two 
fixed  points,  the  central  force  still  following  the  same  law,  the 
altered  catenary  will  no  longer  be  parabolic:  but  it  will  be 
the  path  of  a  particle  under  the  influence  of  a  central  force 
equal  to 

since  (§  581)  we  should  have, 

r=  ctF  +  C  =  -  ^\^/^  dr+C=a  ^--t  +  C, 

instead  of  a /—  • 
Catenary.         583.     Or  if  the  question   be,  to  find  what  force  towards  a 

Inverse  •  />       j         •  -ii  11 

problem,  given  hxcd  point.  Will  cause  a  cord  to  hang  m  any  given  plane 
curve  with  this  point  in  its  plane;  it  may  be  answered  im- 
mediately from  the  solution  of  the  corresponding  problem  in 
"  central  forces." 

But  the  general  equations,  §  578,  are  always  easily  ap- 
plicable; as,  for  instance,  to  the  following  curious  and  interest- 
ing, but  not  practically  useful,  inverse  case  of  the  gravitation 
catenary : — 

Catenary  of       Find   the  section,   at   each   point,   of     a   chain   of    uniform 

uniform  .,  ,.  iz-ii 

strunifth.     material,  so  that  when  its  ends  are  fixed  the  tension  at  each  point 
vmy  he  proportional  to  its  section  at  that  point.     Find  also  the 
form  of  the  Curve,  called  the  Catenary  of  Cni/oi-m  Strength,  in 
which  it  will  hang. 
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Here,  as  the  only  external  force  is  gravity,  the  chain  is  in  a  Catenary  of 

1  •   1  IT-  1        •       J'      uniform 

vertical  plane — m  which  we  may  assume  the  horizontal  axis  oi  x  strength. 
to  lie.       If  fji  be  the  weight  of  the  chain  at  the  point  (x,  z) 
reckoned  per  unit  of  length  ;  our  equations  [§  578  (1)]  become 

ds\    ds)       '    ds\    dsj     ^ 

But,  by  hypothesis  T  =o  ft.     Let  it  be  hfi.     Hence,  by  the  first 
equation,  if  jx^  be  the  value  of  fx  at  the  lowest  point 

ds 
''^f'^dco' 

whence,  by  the  second  equation, 

d  (dz  \  _^  ds 
ds  \dxj      b  dx  ' 


Integrating  we  find 


no  constant  being  required  if  we  take  the  axis  of  x  so  as  to  touch 
the  curve  at  its  lowest  point.     Integrating  again  we  have 

|  =  -logcos|, 

no  constant  being  added,  if  the  origin  be  taken  at  the  lowest 
point.     We  may  write  the  equation  in  the  form 

X       £ 
sec  7-  =  €'' . 

0 

From  this  form  of  the  equation  we  see  that  the  curve  has  vertical 
asymptotes  at  a  horizontal  distance  irb  from  each  other.  Hence 
irb  is  the  gi-eatest  possible  span,  if  the  ends  are  on  the  same 
level,  or  the  horizontal  projection  of  the  greatest  possible  span 
if  they  be  not  on  the  same  level ;  b  denoting  the  length  of  a 
uniform  rod  or  wire  of  the  material  equal  in  weight  to  the 
tension  of  the  catenary  at  any  point,  and  equal  in  sectional  area 
to  the  sectional  area  of  the  catenary  at  the  same  point.  The 
greatest  possible  value  of  b  is  the  "  length  modulus  of  rupture  " 
(§§  687,  688  below). 


d'z 
dx^ 

1 
'  b 

b  ^  ©] 

tai 

_i  dz      X 
""     dx~b' 
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584.  When  a  perfectly  flexible  string  is  stretched  over  a 
smooth  surface,  and  acted  on  by  no  other  force  throughout  its 
length  than  the  resistance  of  this  surface,  it  will,  when  in 
stable  equilibrium,  lie  along  a  line  of  minimum  length  on  the 
surface,  between  any  two  of  its  points.  For  (§  564)  its  equili- 
brium can  be  neither  disturbed  nor  rendered  unstable  by 
placing  staples  over  it,  through  which  it  is  free  to  slip,  at  any 
two  points  where  it  rests  on  the  surface :  and  for  the  inter- 
mediate part  the  energy  criterion  of  stable  equilibrium  is  that 
just  stated. 

There  being  no  tangential  force  on  the  string  in  this  case, 
and  the  normal  force  upon  it  being  along  the  normal  to  the 
surface,  its  osculating  plane  (§  576)  must  cut  the  surface  every- 
where at  right  angles.  These  considerations,  easily  translated 
into  pure  geometry,  establish  the  fundamental  property  of  the 
geodetic  lines  on  any  surface.  The  analytical  investigations 
of  §§  578,  579,  when  adapted  to  the  case  of  a  chain  of  7wt  given 
length,  stretched  between  two  given  points  on  a  given  smooth 
surface,  constitute  the  direct  analytical  demonstration  of  this 
property. 

In  this  case  it  is  obvious  that  the  tension  of  the  string  is 
the  same  at  every  point,  and  the  pressure  of  the  surface 
upon  it  is  [§  576  (3)]  at  each  point  proportional  to  ihe  curvature 
of  the  string. 

585.  No  real  surface  being  perfectly  smooth,  a  cord  or  chain 
may  rest  upon  it  when  stretched  over  so  great  a  length  of  a 
geodetic  on  a  convex  rigid  body  as  to  be  not  of  minimum  length 
between  its  extreme  points  :  but  practically,  as  in  tying  a  cord 
round  a  ball,  for  permanent  security  it  is  necessary,  by  staples 
or  otherwise,  to  constrain  it  from  lateral  slipping  at  successive 
points  near  enough  to  one  another  to  make  each  free  portion  a 
true  minimum  on  the  surface. 

Rope  coiled       586.     A   very  important  practical  case  is  supplied  by  the 

cylinder.      Consideration  of  a  rope  wound  round  a  rough  cylinder.     We 

may  suppose  it  to  lie  in  a  plane  perpendicular  to  the  axis,  as  we 

thus  simplify  the  question  very  considerably  without  sensibly 


On  rough 
tiurrace. 
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injuring  the  utility  of  the  solution.    To  simplify  still  further,  we  Rope  coiled 

1-11  ii      ,  f«  1  1  -1  about  rout?h 

snail  suppose  that  no  torces  act  on  the  rope,  but  tensions  and  cylinder. 
the  reaction  of  the  cylinder.  In  practice  this  is  equivalent  to 
the  supposition  that  the  tensions  and  reactions  are  very  large 
compared  Avith  the  weight  of  the  rope  or  chain ;  which,  bow- 
ever,  is  inadmissible  in  some  important  cases ;  especially  such 
as  occur  in  the  application  of  the  principle  to  brakes  for  laying 
submarine  cables,  to  dynamometers,  and  to  windlasses  (or 
capstans  with  horizontal  axes). 

If  Rhe  the  normal  reaction  of  the  cylinder  per  unit  of  length 
of  the  cord,  at  any  point;  T  and  T  +  8T  the  tensions  at  the 
extremities  of  an  arc  8s ;  86  the  inclination  of  these  lines  ;  we 
have,  as  in  §  .576, 

T8e  =  E8s. 

And  the  friction  called  into  play  is  evidently  equal  to  8T. 
When  the  rope  is  about  to  slip,  the  friction  has  its  greatest 
value,  and  then 

8T=^fiR8s^,MT8e. 
This  gives,  by  integration, 

showing  that,  for  equal  successive  amounts  of  integral  curva- 
ture (§  10),  the  tension  of  the  rope  augments  in  geometrical 
progression.  To  give  an  idea  of  the  magnitudes  involved, 
suppose  /Lt=  0  25,  6=  27r,  then 

T=  T.e'"  =  4-81  r„  approximately. 

Hence  if  the  rope  be  wound  three  times  round  the  post  or 
cylinder  the  ratio  of  the  tensions  of  its  ends,  when  motion  is 
about  to  commence,  is 

(4-81)'  :  1  or  about  111  :  1. 

Thus  we  see  how,  by  the  aid  of  friction,  one  man  may  easily 
check  the  motion  of  a  large  ship,  by  the  simple  expedient  of 
coiling  a  rope  a  few  times  round  a  post.  This  application  of 
friction  is  of  great  importance  in  many  other  uses,  especially 
for  dynamometers. 
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Rope  ooiied      587.      With   the   aid  of  the   preceding    investigations,    the 

cylinder      studcnt  may  easily  work  out  for  himself  the  formulae  expressing 

the  solution  of  the  general  problem  of  a  cord  under  the  action 

of  any  forces,  and  constrained  by  a  rough  surface ;   they  are 

not  of  sufficient  importance  or  interest  to  find  a  place  here. 

EiasHowire.  588.  An  elongated  body  of  cla.stic  material,  which  for 
brevity  we  shall  generally  call  a  Wire,  bent  or  twisted  to  any 
nbre^'ba^'^'  degree,  subject  only  to  the  condition  that  the  radius  of  curva- 
o'^lieTm.'""'  ture  and  the  reciprocal  of  the  twist  (§  119)  are  everywhere 
very  great  in  comparison  with  the  greatest  transverse  dimen- 
sion, presents  a  case  in  which,  as  we  shall  see,  the  solution  of 
the  general  equations  fur  the  equilibrium  of  an  elastic  solid  is 
either  obtainable  in  finite  terms,  or  is  reducible  to  compara- 
tively easy  questions  agreeing  in  mathematical  conditions  with 
some  of  the  most  elementary  problems  of  hydrokinetics,  elec- 
tricity, and  thermal  conduction.  And  it  is  only  for  the  deter- 
mination of  certain  constants  depending  on  the  section  of  the 
wire  and  the  elastic  quality  of  its  substiince,  which  measure  its 
flexural  and  torsional  rigidity,  that  the  solutions  of  these  pro- 
blems are  required.  When  the  constants  of  flexure  and  torsion 
are  known,  as  we  shall  now  suppose  them  to  be,  whether  from 
theoretical  calculation  or  experiment,  the  investigation  of  the 
form  and  twist  of  any  length  of  the  wire,  under  the  influence 
of  any  forces  which  do  not  produce  a  violation  of  the  condition 
stated  above,  becomes  a  subject  of  mathematical  analysis  in- 
volving only  such  principles  and  formulae  as  those  that  con- 
stitute the  theory  of  curvature  (§§  o — 13)  and  twist  (§§  119 — 
123)  in  geometry  or  kinematics. 

589.  Before  entering  on  the  general  theory  of  elastic  .solids, 
we  shall  therefore,  according  to  the  plan  proposed  in  §  573, 
examine  the  dynamic  properties  and  investigate  the  conditions 
of  equilibrium  of  a  perfectly  elastic  wire,  without  admitting 
any  other  condition  or  limitation  of  the  circumstances  than 
what  is  stated  in  §  588,  and  without  assuming  any  special 
([uality  of  isotropy,  or  of  crj'stalline,  fibrous  or  laminated  struc- 
ture in  the  substance.  Tiie  following  short  oreonictrical  dijn-es- 
sion  is  a  convenient  preliminary  : — 
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590.  The  georaetiical  composition  of  curvatures   with  one  Composi- 
another,  or  with  rates  of  twist,  is  obvious  from  the  definition  solution  of 
and  principles  regarding  curvature   given    above   in  §§  5 — 13  in  a  curved 
and  twist  in  §§  119 — 123,  and  from  the  composition  of  angular 
velocities  explained  in  §  96.     Thus  if  one  line,  ©^,  of  a  rigid 

body  be  always  held  parallel  to  the  tangent,  PT,  at  a  point  P 
moving  with  unit  velocity  along  a  curve,  whether  plane  or 
tortuous,  it  will  have,  round  an  axis  perpendicular  to  ©^  and 
to  the  radius  of  curvature  (that  is  to  say,  perpendicular  to  the 
osculating  plane),  an  angular  velocity  numerically  equal  to  the 
curvature.  The  body  may  besides  be  made  to  rotate  with  any 
angular  velocity  round  ©'^T,  Thus,  for  instance,  if  a  line  of  it, 
©.^,  be  kept  always  parallel  to  a  transverse  (§  120)  PA,  the 
component  angular  velocity  of  the  rigid  body  round  ©^  will 
at  every  instant  be  equal  to  the  "  rate  of  twist  "  (§  120)  of  the 
transverse  round  the  tangent  to  the  curve.  Again,  the  angular 
velocity  round  ©^  may  be  resolved  into  components  round 
two  lines  ©i^,  ©IL,  perpendicular  to  one  another  and  to  O^  ; 
and  the  whole  curvature  of  the  curve  may  be  resolved  accord- 
ingly into  two  component  curvatures  in  planes  perpendicular 
to  those  two  lines  respectively.  The  amounts  of  these  com- 
ponent curvatures  are  of  course  equal  to  the  whole  curvature 
multiplied  by  the  cosines  of  the  respective  inclinations  of  the 
osculating  plane  to  these  planes.  And  it  is  clear  that  each 
component  curvature  is  simply  the  curvature  of  the  projection 
of  the  actual  curve  on  its  plane*. 

591.  Besides  showing  how  the  constants  of  flexural  and 
torsional  rigidity  are  to  be  determined  theoretically  from  the 
form  of  the  transverse  section  of  the  wire,  and  the  proi3er  data 
as  to  the  elastic  qualities  of  its  substance,  the  complete  theory 
simply  indicates  that,  provided  the  conditional  limit  (§  588) 
of  deformation  is  not  exceeded,  the  following  laws  will  be 
obeyed  by  the  wire  under  stress  : — 

*  The  curvatare  of  the  projection  of  a  curve  on  a  plaue  inclined  at  an 
angle  o  to  the  osculating  plane,  is  (1/p)  cos  a  if  the  plane  be  parallel  to  the 
tangent;  and  l/pcos-a  if  it  be  parallel  to  the  principal  normal  (or  radius  of 
absolute  curvature).  Tliere  is  no  difficulty  in  proving  either  of  these  expres- 
sions. 

9—2 
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Laws  of  Let   the    whole   mutual   action    between    the    parts   of   the 

flexure  and  r 

torsion.  ^yiie  ou  the  tw(j  sides  of  the  cruss  section  at  any  point  (being  of 
course  the  action  of  the  matter  infinitely  near  this  plane  on  one 
side,  upon  the  matter  infinitely  near  it  ou  the  other  side),  be 
reduced  to  a  single  force  through  any  point  of  the  section  and  a 
single  couple.     Then — 

I,  The  twist  and  curvature  of  the  wire  in  the  neifrhbourhood 
of  this  section  are  independent  of  the  force,  and  depend  solely 
on  the  couple. 

II.  The  curvatures  and  rates  of  twist  producible  by  any 
several  couples  separately,  constitute,  if  geometrically  com- 
pounded, the  curvature  and  rate  of  twist  which  are  actually 
produced  by  a  mutual  action  equal  to  the  resultant  of  those 
couples. 

592.  It  may  be  added,  although  not  necessary  for  our 
present  purpose,  that  there  is  one  determinate  point  in  the 
cross  section  such  that  if  it  be  chosen  as  the  point  to  which 
the  forces  are  transferred,  a  higher  order  of  approximation  is 
obtained  for  the  fulfilment  of  these  laws  than  if  any  other 
point  of  the  section  be  taken.  That  point,  which  in  the  case 
of  a  wire  of  substance  uniform  through  its  cross  section  is  the 
centre  of  inertia  of  the  area  of  the  section,  we  shall  generally 
call  the  elastic  centre,  or  the  centre  of  elasticity,  of  the  section. 
It  has  also  the  following  important  jjroperty: — The  line  of 
elastic  centres,  or,  as  we  shall  call  it,  the  elastic  central  line, 
remains  sensibly  unchanged  in  length  to  whatuver  stress  within 
our  conditional  limits  (§  588)  the  wire  be  subjected.  The  elon- 
gation or  contraction  produced  by  the  neglected  resultant  force, 
if  this  is  in  such  a  direction  as  to  produce  any,  will  cause  the 
line  of  rigorously  no  elongation  to  deviate  only  infinitesimallv 
from  the  elastic  central  line,  in  any  part  of  the  wire  finitely 
curved.  It  will,  however,  clearly  cause  there  to  be  no  line  of 
rigorously  unchanged  length,  in  any  straight  part  of  the  wire  : 
but  a-s  the  whole  elongation  would  be  infinitesimal  in  compari- 
sion  with  the  etfectivc  actions  with  which  we  are  concerned, 
this  case  constitutes  no  exception  to  the  preceding  statement. 
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593.  Considering  now  a  wire  of  uniform  constitution  and  wnrpingof 
figure  throughout,   and  naturally  straight;  let  any  two  planes  tion  by 

of  reference  perpendicular  to  one  another  through  its  elastic  flexure,  in- 
central  line  when  straight,  cut  the  normal  section  through 
P  in  the  lines  PK  and  PL.  These  two  lines  (supposed  to 
belong  to  the  substance,  and  move  with  it)  will  remain  in- 
finitely nearly  at  right  angles  to  one  another,  and  to  the  tan- 
gent, PT,  to  the  central  line,  however  the  wire  may  be  bent  Rotations 

,  ,       ,  .  .  correspond- 

or  twisted  within  the  conditional  limits.     Let  k  and  X  be  the  jP^to 

flexure  and 

component  curvatures  (§  590)  in  the  two  planes  perpendicular  torsion, 
to  PK  and  PL  through  PT,  and  let  r  be  the  twist  (§  120)  of 
the  wire  at  P.  We  have  just  seen  {§  590)  that  if  P  be  moved 
at  a  unit  rate  along  the  curve,  a  rigid  body  with  three  rectan- 
gular axes  of  reference  ©?Et,  ©H,  ©^  kept  always  parallel  to 
PK,  PL,  PT,  will  have  angular  velocities  k,  \,  t  round  those 
axes  respectively.  Hence  if  the  point  P  and  the  lines  PT, 
PK,  PL  be  at  rest  while  the  wire  is  bent  and  twisted  from  its 
unstrained  to  its  actual  condition,  the  lines  of  reference  P'K', 
P'L',  P'T'  through  any  point  P'  infinitely  near  P,  will  ex- 
perience a  rotation  compounded  of  k  .  PP'  round  P'K,  X. .  PP 
round  PL',  and  r .  PP'  round  P'T'. 

594.  Considering  now  the  elastic  forces  called  into  action,  Potential 

,         .  „     ,  .  .  energy  of 

we  see  that  if  these  constitute  a  conservative  system,  the  work  elastic  force 

.  ,  in  bent  and 

required  to  bend  and  twist  any  part  of  the  wire  from  its  un-  twisted 

.  .  .    .  .  ,      wire. 

strained  to  its  actual  condition,  depends  solely  on  its  figure  in 
these  two  conditions.  Hence  if  w .  PP'  denote  the  amount  of 
this  work,  for  the  infinitely  small  length  PP'  of  the  rod,  tu 
must  be  a  function  of  k,  \,  t  ;  and  therefore  ii  K,  Ij,  T  denote 
the  components  of  the  couple-resultant  of  all  the  forces  which 
must  act  on  the  section  through  P'  to  hold  the  part  PP'  in  its 
strained  state,  it  follows,  from  §§  240,  272,  274,  that 

KSk  =  S^iu,  LBx  =  Bxw,  TBt  =  Sj-tv (1 ), 

where  B^^iu,  Si^w,  B^w  denote  the  augmentations  of  w  due  respec- 
tively to  infinitely  small  augmentations  Bk,  8\,  Bt,  of  k,  \,  r. 

595.  Now  however  much  the  shape  of  any  finite  length  of 
the    wire    may  be    changed,  the    condition    of  §  588  requires 
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Potentioi     clearly  that  the  chancres  of  shape  in  each  infinitely  small  part, 
elastic  force  t,hat   is   to   sav,  the  Strain  (8  154)  of  the  substance,  shall  be 

in  bent  and  '  '  . 

twistod  everywhere  very  small  (infinitely  small  in  order  that  the  theory 
may  be  rigorously  applicable).  Hence  the  principle  of  super- 
position [§  591,  II.]  shows  that  if  k,  \,  t  be  each  increased  or 
tliminished  in  one  ratio,  K,  L,  T  will  be  each  increased  or 
diminished  in  the  same  ratio:  and  consequently  w  in  the 
duplicate  ratio,  since  the  angle  through  which  each  couple  acts 
is  altered  in  the  same  ratio  as  the  amount  of  the  couple;  or,  in 
algebraic  language,  ty  is  a  homogeneous  quadratic  function  of 

K,   \,   T. 

Thus  if  A,  Zf,  C,  a,  b,  c  denote  six  constants,  we  have 

w  ^  1{Ak'  +  B\'  ^Ct'  +  2aXT  +  2bTK  +  2ckX) (2). 

Hence,  by  §594(1), 
Compo-  K=  Ak+  cX  +  6t  "I 

nents  of                                                                               r                    t>\   .          \  /o\ 

restituent  L  -  Ck   +Z/A+rtTj. (d). 


rouple. 


T  =bK  +a\  +  CT 


) 


By  the  known  reduction  of  the  homogeneous  quadmtie  function, 
these  expressions  may  of  course  be  reduced  to  the  following 
simi)le  forms  : — 

w=is{AX^A,b;  +  AM         )  ^^^^ 

Z/,  =yi,^,,    Z/,=  iij^,,  //3  =  Jj,^,J 

where  b^,  b^,  bg  are  linear  functions  of  k,  X,  t.  And  if  these 
functions  aj"e  restricted  to  being  the  expressions  for  the  com- 
ponents round  three  rectjingular  axes,  of  the  rotations  k,  X,  r 
viewed  as  angular  velocities  round  the  axes  PK,  PL,  PT,  the 
positions  of  the  new  axes,  /*<?,,  PQt,  PQ»,  and  the  values  of  -•!,, 
A,,  i4,  are  determinate;  the  latter  being  the  roots  of  the  deter- 
minant cubic  [§  181  (11)]  founded  on  {A,  B,  C,  a,  b,  c).  Hence 
we  conclude  that 

Threoprin-      596.     There   are  in  general   three  determinate    rectangulai 
nmiairs      directions,  PQ„  PQ„,  PQ„  through  any  point  P  of  the  middle 

of  torsion  .'  '  *  .  i        ■,  tj 

Bndfloxurc.  line  of  E  Wire,  such  that  if  opposite  couples  be  applied  to  any 
two  parts  of  the  wire  in  planes  perpendicular  to  any  one  of 
them,  every  intermediate  part  will  experience  rotation  in  a 

pli^ini     plane  parallel  to  those  of  the  balanced  couples.     The  moments 
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of  the  couples  required  to  produce  unit  rate  of  rotation  round  torsion- 
these  three  axes  are  called  the  pr'incipal  torsion-fiexwe  I'igidities  rigidities. 
of  the  wire.     They  are  the  elements  denoted  by  A^,  A^,  A^  in 
the  preceding  analysis. 

597.  If  the  rigid  body  imagined  in  §  .593  have  moments  of 
inertia  equal  to  A^,  A^,  A^  round  three  princii3al  axes  through 
©  kept  always  parallel  to  the  principal  torsion-flexure  axes 
through  P,  while  P  moves  at  unit  rate  along  the  wire,  its 
moment  of  momentum  round  any  axis  (§§  281,  236)  will  be 
equal  to  the  moment  of  the  component  torsion-flexure  couple 
round  the  parallel  axis  through  P. 


598.  The  form  assumed  by  the  wire  when  balanced  under  Three  prin- 
the  influence  of  couples  round  one  of  the  three  principal  axes  mai  spirals, 
is  of  course  a  uniform  helix  having  a  line  parallel  to  it  for  axis, 
and  lying  on  a  cylinder  whose  radius  is  determined,  by  the 
condition  that  the  whole  rotation  of  one  end  of  the  wire  from 
its  unstrained  position,  the  other  end  being  held  fixed,  is  equal 
to  the  amount  due  to  the  couple  applied. 

Let  I  be  the  length  of  the  wire  from  one  end,  E,  held  fixed,  to 
the  other  end,  E',  where  a  couple,  L,  is  applied  in  a  plane  per- 
pendicular to  the  principal  axis  PQ^  through  any  point  of  the 

wire.     The  rotation  being  [§  595  (4)]  at  the  rate  — ,  per  unit 

of  length,  amounos  on  the  whole  to  ^  —  .     This  therefore  is  the 

angular  space  occupied  by  the  helix  on  the  cylinder  on  which  it 
lies.  Hence  if  r  denote  the  radius  of  this  cylinder,  and  ?",  the 
inclination  of  the  helix  to  its  axis  (being  the  inclination  of  PQ^ 
to  the  length  of  the  wire),  we  have 

LI     ,    .     . 

r  -^  =  I  sni  ij ; 

-                                                  ^.sint, 
whence  r  — j (o). 
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o»s«iii  599      In  the    most    important  practical  cases,  as    we    shall 

.lasticcpn-  ggg  later,  those  namely  in  which  the  substance  is  either  "  iso- 

tr«l  line  is  '  •' 

M^sof"''  tropic,'  as  is  the  case  sensibly  with  common  metallic  wires, 
torsion.  ^^j.^  ^^  j,j  j-^^^jg  q^  beams  of  fibrous  or  crystalline  structure,  with 
an  axis  of  elastic  symmetry  along  the  length  of  the  piece,  one 
of  the  three  normal  axes  of  torsion  and  flexure  coincides 
with  the  length  of  the  wire,  and  the  two  others  are  perpendi- 
cular to  it;  the  first  being  an  axis  of  pure  torsion,  and  the  two 
others  axes  of  pure  flexure.  Thus  opposing  couples  round  the 
axis  of  the  wire  twist  it  simply  without  bending  it ;  and  op- 
posing couples  in  either  of  the  two  principal  planes  of  flexure, 
bend  it  into  a  circle.  The  unbent  straight  line  of  the  wire, 
and  the  circular  arcs  into  which  it  is  bent  by  couples  in  the 
two  principal  planes  of  flexure,  are  what  the  three  principal 
spirals  of  the  general  probieni  become  in  this  case. 

A  simple  proof  that  the  twist  must  be  uniform  (§  123)  is 
found  by  supposing  the  whole  wire  to  turn  round  its  curved 
axis;  and  remarking  that  the  work  done  by  a  couple  at  one 
end  must  be  equal  to  that  undone  at  the  other. 

Case  of  600.     In    the  more  particular  case  in   which   two  principal 

h?i\*^v  fn  all  rigidities   against  flexure  are  equal,  every  plane  through  the 
directions,    jg^jg^j^  ^f  ^j^g   ^^jpg   jg   ^  principal    plane    of  flexure,  and    the 

rigidity  against  flexure  is  equal  in  all.  This  is  clearly  the  case 
with  a  common  round  wire,  or  rod:  or  with  one  of  square 
section.  It  will  be  shown  later  to  be  the  case  for  a  rod  of 
isotropic  material  and  of  any  form  of  normal  section  which  is 
"  kinetically  symmetrical,"  §  285,  round  all  axes  in  its  plane 
through  its  centre  of  inertia. 

601.  In  this  case,  if  one  end  of  the  rod  or  wire  be  held 
fixed,  and  a  couple  be  applied  in  any  plane  to  the  other  end, 
a  uniform  spiral  (or  helical)  form  will  be  produced  round  an 
axis  perpendicular  to  the  plane  of  the  couple.  The  lines  of  the 
substance  parallel  to  the  axis  of  the  spiral  are  not,  however, 
parallel  to  their  original  positions,  as  (§  598)  in  each  of  the 
three  principal  spirals  of  the  general  problem:  and  lines 
traced  along  the  surface  of  the  wire  parallel  to  its  length 
when  straight,  become    as    it  were    secondary  .spirals,  circling 
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round   the    main    spiral    formed    by    the    central    line    of  the  Case  o? 

^  *^  pqual  flexi- 

deformed  wire ;  instead  of  being  all  spirals  of  equal  step,  as  in  Jjjj.'^^y  1^^^^" 
each  one  of  the  principal  spirals  of  the  general  problem.  Lastly, 
in  the  present  case,  if  we  suppose  the  normal  section  of  the 
wire  to  be  circular,  and  trace  uniform  spirals  along  its  surface 
when  deformed  in  the  manner  supposed  (two  of  which,  for 
instance,  are  the  lines  along  which  it  is  touched  by  the  in- 
scribed and  the  circumscribed  cylinder),  these  lines  do  not 
become  straight,  but  become  spirals  laid  on  as  it  were  round 
the  wire,  when  it  is  allowed  to  take  its  natural  straight  and 
untwisted  condition. 

Let,  in  §  595,  PQ^  coincide  with  the  central  line  of  the  wu'e, 

and  let  A^  =  A,  and  A2  =  A^  =  B;  so  that  A  measures  the  rigidity 

of  torsion  and  B  that  of  flexure.     One  end  of  the  wire  being 

held  fixed,  let  a  couple  G  be  applied  to  the  other  end,  round  an 

axis  inclined  at  an  angle  6  to  the  length.     The  rates  of  twist  aiul 

of  flexure  each  per  unit  of  length,  according  to  (4)  of  §  595, 

will  be 

Gco%6         ,  G^sin^ 
-^-,and   -^, 

respectively.     The    latter  being    (§  9)   the  same  thing  as    the 

curvature,  and  tbe  inclination  of  the  spiral  to  its  axis  being  d,  it 

B  sin  6 
follows  {§  126,  or  g  590,  footnote)  that  ^—^ —  is  the  radius  of 

curvature  of  its  projection  on  a  plane  perpendicular  to  this  line, 
that  is  to  say,  tbe  radius  of  the  cylinder  on  which  the  spiral  lies. 

602.     A  wire  of  equal  flexibility  in  all  directions  may  clearly  wire 

•n^■^l'  -J  J  strained  fco 

be  held  in  any  specified  spiral  form,  and  twisted  to  any  stated  any  given 
degree,  by  a  determinate  force  and  couple  applied  at  one  end,  twist, 
the  other  end  being  held  fixed.  The  direction  of  the  force 
must  be  parallel  to  the  axis  of  the  spiral,  and,  with  the  couple, 
must  constitute  a  system  of  which  this  line  is  (§  559)  the 
central  axis:  since  otherwise  there  could  not  be  the  same 
system  of  balancing  forces  in  every  normal  section  uf  the 
spiral.  All  this  may  be  seen  clearly  by  supposing  the  wire  to 
be  first  brought  by  any  means  to  the  specified  condition  of 
strain;  then  to  have  rigid  planes  rigidly  attached  to  its  two 
ends  perpendicular  to  its  axis,  and  these  planes  to  be  rigidly 
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Wire  connected  by  a  bar  lying  in  this  line.      The  spiral  wire  now 

r.nymvuii     left  to  itself  cannot  but  be  in  equilibrium:  although  if  it  be 
twist.  too  long  (according  to  its  form  and  degree  of  twist)  the  equili- 

brium may  be  unstable.  The  force  along  the  central  axis,  and 
the  couple,  are  to  be  determined  by  the  condition  that,  when 
the  force  is  transferred  after  Poinsot's  manner  to  the  elastic 
centre  of  any  normal  section,  they  give  two  couples  together 
equivalent  to  the  elastic  couples  of  flexure  and  torsion. 

Let  a  be  the  inclination  of  the  spiral  to  the  plane  perpendicular 
to  its  axis ;  r  the  radius  of  the  cylinder  on  which  it  lies ;  t  the 
rate  of  twist  given  to  the  wire  in  its  spmil  form.     The  curv'ature 

is  (§  126)  equal  to  ;  and  its  plane,  at  any  point  of  the 

spii'al,  being  the  plane  of  the  tangent  to  the  spii*al  and  the 
diameter  of  the  cylinder  through  that  point,  is  inclined  at  the 
angle  a  to  the  plane  perpendicular  to  the  axis.  Hence  the  com- 
ponents in  this  plane,  and  in  the  plane  through  the  axis  of  the 
cylinder  of  the  flexural  couple,  are  respectively 

B  cos*  a  £  cos*  a    . 

cos  a,    and   sni  a. 

r  r 

Also,  the  co-.nponents  of  the  toi-sional  couple,  in  the  same  planes, 

are  .ilrsina,    and    —  ilrcosa. 

1  fence,  for  equilibrium, 

^,     i?cos'a  .       , 

(t  = cos  a  +  ..iT  sin  a 

.  \  (6). 

.5  cos' a   . 

—  Jir  = sin  a  —  At  cos  a 

r  ' 

which  give  explicitly  the  values,  G  and  R,  of  the  couple  and  force 
required,  the  latter  being  reckoned  iis  positive  when  its  direction 
is  such  as  to  pull  out  the  spiral,  oi  when  the  ends  of  the  rigid  bar 
supposed  above  are  pressed  inwards  by  the  plates  attached  to  the 
ends  of  the  spiral. 

If  we  make  ^  =^  0,  we  fall  back  on  the  case  considered  previ- 
ously (§  001).      If,  on  the  other  hand,  we  make  6'  =  0,  we  have 

1  li  cos"'  a 

r  A  sin  a 

_         Bcos'a         At 

and  Ii  =  — ^    .        = > 

r*  sin  a       r  cos  a 

from  which  wc  conclude  that 


springs. 
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603.  A  wire  of  equal  flexibility  in  all  directions  may  be  ^'J^^f^^.^'f^j. 
held  in  any  stated  spiral  form  by  a  simple  force  along  its  axis  ^^^Jf^'nTo^a^ 
between  rigid  pieces  rigidly  attached  to  its  two  ends,  provided  single  force, 
that,  along  with  its  spiral  form,  a  certain  degree  of  twist  be 

given  to  it.  The  force  is  determined  by  the  condition  that  its 
moment  round  the  perpendicular  through  any  point  of  the 
spiral  to  its  osculating  plane  at  that  point,  must  be  equal 
and  opposite  to  the  elastic  unbending  couple.  The  degi'ee  of 
twist  is  that  due  (by  the  simple  equation  of  torsion)  to  the 
moment  of  the  force  thus  determined,  round  the  tangent  at 
any  point  of  the  spiral.  The  direction  of  the  force  being, 
according  to  the  preceding  condition,  such  as  to  press  together 
the  ends  of  the  spiral,  the  direction  of  the  twist  in  the  wire  is 
opposite  to  that  of  the  tortuosity  (§9)  of  its  central  curve. 

604.  The  j)rinciples  and  formulae  (§§  598,  603)  with  which  spiral 
we  have  just  been  occupied  are  immediately  applicable  to  the 
theory  of  spiral  springs ;  and  we  shall  therefore  make  a  short 
digression  on  this  curious  and  important  practical  subject  before 
completing  our  investigation  of  elastic  curves. 

A  common  spiral  spring  consists  of  a  uniform  wire  shaped 
permanently  to  have,  when  unstrained,  the  form  of  a  regular 
helix,  with  the  principal  axes  of  flexure  and  torsion  everywhere 
similarly  situated  relatively  to  the  curve.  When  used  in  the 
proper  manner,  it  is  acted  on,  through  arms  or  plates  rigidly  at- 
tached to  its  ends,  by  forces  such  that  its  form  as  altered  by  them 
is  still  a  regular  helix.  This  condition  is  obviously  fulfilled  if 
(one  terminal  being  held  fixed)  an  infinitely  small  force  and 
infinitely  small  couple  be  applied  to  the  other  terminal  along 
the  axis  and  in  a  plane  perpendicular  to  it.  and  if  the  force  and 
couple  be  increased  to  any  degree,  and  always  kept  along  and 
in  the  plane  perpendicular  to  the  axis  of  the  altered  spiral.  It 
would,  however,  introduce  useless  complication  to  work  out  the 
details  of  the  problem  except  fur  the  case  (§  599)  in  which  one 
of  the  principal  axes  coincides  with  the  tangent  to  the  central 
line,  and  is  therefore  an  axis  of  pure  torsion;  as  spii'al  springs 
in  practice  always  belong  to  this  case.  On  the  other  hand,  a  very 
interesting  complication  occurs  if  we  suppose  (a   thing  easily 
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spimi  realized  in  practice,  though  to  be  avoided  if  merely  a  good 
spring  is  desired)  the  normal  section  of  the  wire  to  be  of  such  a 
figure,  and  so  situated  relatively  to  the  spiral,  that  the  planes 
of  greatest  and  least  flexural  rigidity  are  oblique  to  the  tangent 
plane  of  the  cylinder.  Such  a  spring  when  acted  on  in  the 
regular  manner  at  its  ends  must  experience  a  certain  degree  of 
turning  through  its  whole  length  round  its  elastic  central  curve 
in  order  that  the  flexural  couple  developed  may  be,  as  we  shall 
immediately  see  it  must  be,  precisely  in  the  osculating  plane  of 
the  altered  spiral.  But  all  that  is  interesting  in  this  very 
curious  effect  will  be  illustrated  later  (§  624)  in  full  detail  in  the 
case  of  an  open  circular  arc  altered  by  a  couple  in  its  own  plane, 
into  a  circular  arc  of  greater  or  less  radius ;  and  for  brevity 
and  simplicity  we  shall  confine  the  detailed  investigation  of 
spiral  springs  on  which  we  now  enter,  to  the  cases  in  which 
either  the  wire  is  of  equal  flexural  rigidity  in  all  directions,  or 
the  two  principal  planes  of  (greatest  and  least  or  least  and 
greatest)  flexural  rigidity  coincide  respectively  with  the  tangent 
plane  to  the  cylinder,  and  the  normal  plane  touching  the  central 
curve  of  the  wire,  at  any  point, 

605.  The  axial  force,  on  the  moveable  terminal  of  the  spring, 
transferred  according  to  Poiusot's  method  {§  555)  to  any  point 
in  the  elastic  central  curve,  gives  a  couple  in  the  plane  through 
that  point  and  the  axis  of  the  spiral.  The  resultant  of  this  and 
the  couple  which  we  suppose  applied  to  the  terminal  in  the 
plane  perpendicular  to  the  axis  of  the  spiral  is  the  eftective 
bending  and  twisting  couple  :  and  as  it  is  in  a  plane  perpen- 
dicular to  the  tangent  plane  to  the  cylinder,  the  component  of 
it  to  which  bending  is  due  must  be  also  perpendicular  to  this 
plane,  and  therefore  is  in  the  osculating  plane  of  the  spiral. 
This  component  couple  therefore  simply  maintains  a  curvature 
difterent  from  the  natural  curvature  of  the  wire,  and  the  other, 
that  is,  the  couple  in  the  plane  normal  to  the  central  curve, 
pure  torsion.  The  equations  of  equilibrium  merely  express 
this  in  mathematical  language. 

Resolving  as   before    (§  602)   the  flexural  and  the  torsional 
couples  each  into  components  in  the  planei  through  the  axis  ot 
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the  spiral,  and  perpendicular  to  it,  we  have 

-,      „  /COS^  a      CO.s"  a  \  ,       A       •       ' 

G-B\  -  — °  I  COS  a  +  ^T  sin  a , 

\    r  r^    J 

At  cos  a'. 
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Spiral 
springs. 


-Rr^B(^^^r 


cos  a. 


and,  by  §  126,  t  = 


cos  a  sin  a 


—    sm  a 


cos  ttg  sm  ttp 


I  .-(7), 


where  .4  denotes  the  torsional  rigidity  of  the  wire,  and  B  its 
flexural  rigidity  in  the  osculating  plane  of  the  spiral;  a^  the  in- 
clination, and  r„  the  radius  of  the  cylinder,  of  the  spiral  when 
unstrained;  a  and  r  the  same  parameters  of  the  spiral  when 
under  the  influence  of  the  axial  force  R  and  couple  G  ;  and  t  the 
degree  of  twist  in  the  change  from  the  unstrained  to  the  strained 
condition. 

Tliese  equations  give  explicitly  the  force  and  couple  required 
to  produce  any  stated  change  in  the  spiral ;  or  if  the  force  and 
couple  are  given  they  determine  a,  r'  the  parameters  of  the 
altered  curve. 

As  it  is  chiefly  the  external  action  of  the  spring  that  we  are 
concerned  with  in  practical  applications,  let  the  parameters  a,  r 
of  the  spiral  be  eliminated  by  the  following  assumptions  : — 

I  cos  a  ■^ 

'    (8), 


X  =  I  sin  a,    4> 


a;„  =  Zsina„, 


I  cos  a 
*Po  =  ^ 


where  I  denotes  the  length  of  the  wire,  ^  the  angle  between 
planes  through  the  two  ends  of  the  spii-al,  and  its  axis,  and  x  the 
distance  between  planes  through  the  ends  and  perpendicular  to 
the  axis  in  the  strained  condition;  and,  similarly,  ^^,  x^  for  the 
unstrained  condition  ;  so  that  we  may  regard  (^,  x)  and  (0^,  a;^) 
as  the  co-ordinates  of  the  movable  terminal  relatively  to  the 
fixed  in  the  two  conditions  of  the  spring.  Thus  the  preceding 
equations  become 


B 


j^Ui.l'- ^H-  J{i'- x:m  J{1'- ar°)+  ^  {x^  -  x,<t>,) X 


R  =  -j.  W-  ^1  <^  -  J{i'-  V)  <^o}  j^^  +  j.{^<i>  -  ^o<f>o)  4> 


.(9). 
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Spiral  Here  we  soe  that  Lil4>  +  /i<'«c  is  the  differential  of  a  function  of 

sprinpn.  ^j^^  ^^^^^  independent  variables,  x,  <f>.     Thus  if  we  denote  this 

function  by  E,  we  have 

a<f>  ax  J 

a  conclusion  which  might  have  been  inferred  at  once  from  the 
general  principle  of  energy,  thus  : — 

606.     The  ijotential  energy  of  the  strained  spring  is  easily 
seen  from  §  595  (4),  above,  to  be 

if  A  denote  the  torsional  rigidity,  B  the  flexural  rigidity  in  tlie 
plane  of  curvature,  -sr  and  -cr^  the  strained  and  unstrained  cur- 
vatures, and  T  the  torsion  of  the  wire  in  the  strained  condition, 
the  torsion  being  reckoned  as  zero  in  the  unstrained  condition. 
The  axial  force,  and  the  couple,  required  to  hold  the  spring  to 
any  given  length  reckoned  along  the  axis  of  the  spiral,  and  to 
any  given  angle  between  planes  through  its  ends  and  the  axes, 
are  of  course  (§  272)  equal  to  the  rates  of  variation  of  the 
potential  energy,  per  unit  of  variation  of  these  co-ordinates 
respectively.  It  must  be  carefully  remarked,  however,  that,  if 
the  terminal  rigidly  attached  to  one  end  of  the  spring  be 
held  fast  so  as  to  fix  the  tangent  at  this  end,  and  the  motion  of 
the  other  terminal  be  so  regulated  as  to  keep  the  figure  of  the 
intermediate  spring  always  truly  spiral,  this  motion  Avill  be 
somewhat  complicate"!  ;  as  the  radius  of  the  cylinder,  the  in- 
clination of  the  axis  of  the  sj)iral  to  the  fixed  direction  of  the 
tangent  at  the  fixed  end,  and  the  position  of  the  point  in  the 
axis  in  which  it  is  cut  by  the  plane  perpendicular  to  it  through 
the  fixed  end  of  the  spring,  all  vary  as  the  sjjring  changes  in 
figure.  The  effective  components  of  any  infinitely  small  motion 
of  the  moveable  terminal  are  its  component  translation  along, 
and  rotation  round,  the  instantaneous  position  of  the  axis  of 
the  spiral  (two  degrees  of  freedom),  along  with  which  it  will 
generally  have  an  infinitely  small  translation  in  some  direction 
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and  rotation  round  some  line,  each  pei'pendicular  to  this  axis,  Spiral 
to  be  determined  from  the  two  degrees  of  arbitrary  motion,  by 
the  condition  that  the  curve  remains  a  true  spiral. 

607.  In  the  practical  use  of  spiral  springs,  this  condition  is 
not  rigorously  fulfilled  :  but,  instead,  either  of  two  plans  is 
generally  followed : — (1)  Force,  without  any  couple,  is  applied 
pulling  out  or  pressing  together  two  definite  points  of  the  two 
terminals,  each  as  nearly  as  may  be  in  the  axis  of  the  unstrained 
spiral ;  or  (2)  One  terminal  being  held  fixed,  the  other  is 
allowed  to  slide,  without  any  turning,  in  a  fixed  direction,  being 
as  nearly  as  may  be  the  direction  of  the  axis  of  the  spiral  when 
unstrained.  The  preceding  investigation  is  applicable  to  the 
infinitely  small  displacement  in  either  case :  the  couple  being 
put  equal  to  zero  for  case  (1),  and  the  instantaneous  rotatory 
motion  round  the  axis  of  the  spiral  equal  to  zero  for  case  (2). 

For     infinitely    small    displacements     let    (f)-(f)^  +  8(f),    and 
x  =  x^  +  8x,  in  (10),  so  that  now 


Z- 


d8x 


Then,  retaining  only  terms  of  the  lowest  degree  relative  to  8x 
and  8<f>  in  each  foi-mula,  and  writing  x  and  <^  instead  of  x^  and 
<f>^,  we  have 


1/ 


X' 


2) 


1 


A': 


£ 


X 


r-x- 


+  A  )  4>^8x  +{A-B)  xcfi8<f> 


Kll)- 


L  =  3  {{A  -  B)  x4>8x  +  [B  {I-  -  x')  +  Ax^]  8<^} 
Examine  1. — For  a  spii'al  of  45°  inclination  we  have 


a;'=i^'and  «^^- ^ 


I' 


and  the  formulae  become 


1 


R=.^^,[{A-^B)8x  +  {A-B)r8cf;\ 
Z  =  I  i  [(.4  -  B)  8x  +  {A  +  B)  ?-Sc/)] 


(12). 
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Spiml 
■pririKs. 


Spiral 
spnnit  of 
inftiiit<>ly 
small  m- 
cliimtion : 


virtually  n 
torsion - 
biUanoe. 


A  careful  study  of  this  case,  illustrated  if  necessary  by  a  model 
easily  made  out  of  ordinary  iron  or  steel  wire,  will  be  found  very 
instructive. 


.c 


Klastic 
curve  tmiiii- 
roittinp 
force  and 
couple. 


Example  '2.  — Let  -.  be  very  small.     Neglecting,  therefore,  its 

square,  we   have    0  =  -  ,    and    L  =  -  B<f>  -  BB  -  ;    and    7?  ^  3  &c. 

The  first  of  these  is  simply  the  equation  of  direct  flexure  (§  595). 
The  interpretation  of  the  second  is  as  follows  : — 

608.  In  a  spiral  spring  of  infinitely  small  inclination  to  the 
plane  perpendicular  to  its  axis,  the  displacement  produced  in 
the  moveable  terminal  by  a  force  applied  to  it  in  the  axis  of  the 
spiral  is  a  simple  rectilineal  translation  in  tlio  direction  of  the 
axis,  and  is  equal  to  the  length  of  the  circular  arc  through 
which  an  equal  force  carries  one  end  of  a  rigid  arm  or  crank 
equal  in  length  to  the  radius  of  the  cylinder,  attached  per- 
pendicularly to  one  end  of  the  wire  of  the  spring  supposed 
straightened  and  held  with  the  other  end  ab.solutely  fixed,  and 
the  end  which  bears  the  crank  free  to  turn  in  a  collar.  This 
statement  is  due  to  J.  Thomson*,  who  showed  that  in  pulling 
out  a  spiral  spring  of  infinitely  small  inclination  the  action 
exercised  and  the  elastic  quality  used  are  the  same  as  in  a 
toi-siou-balauce  with  the  same  wire  straightened  (§  433).  This 
theory  is,  as  he  proved  experimentally,  sutiiciently  approximate 
for  most  practical  applications ;  spiral  springs,  as  commonly 
made  and  used,  being  of  very  small  inclination.  There  is  no 
ditficulty  in  finding  the  requisite  correction,  for  the  tvctual  incli- 
nation in  any  case,  from  the  preceding  formula?.  The  funda- 
mental principle  tliat  spiral  springs  act  chiefly  by  torsion  seems 
to  have  been  first  di.scovered  by  Binet  in  liil4f . 

609.  In  continuation  of  §§  590,  593,  597,  we  now  return 
to  the  case  of  a  uniforni  wire  straight  and  untwisted  (that  is, 
cylindrical  or  prismatic)  when  free  from  stress.  Let  us  suppose 
one  end  to  be  held  fixed  in  a  given  direction,  and  no  force 
from  without  to  influence  the  wire  except  that  transmitted  to  it 
by  a  rigid  frame  attached  to  its  other  end  and  acted  on  by  a 

•  Camb.  and  Dub.  Math.  Jour.  I&i6. 

t  St  Venant,  Coinptea  licndus.     Sept.  1864. 
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force,  jR,  in  a  given  line,  AB,  and  a  couple,  G,  in  a  plane  per- 
pendicular to  this  line.  The  form  and  twist  it  will  have  when 
in  equilibrium  are  determined  by  the  condition  that  the  torsion  Kirchhofr<! 
and  flexure  at  any  point,  P,  of  its  length  are  those  due  to  the  parison. 
couple  G  compounded  with  the  couple  obtained  by  bringing  R 
to  P.  It  follows  that  the  rigid  body  of  §  597  will  move 
exactly  as  there  specified  if  it  be  set  in  motion  with  the  proper 
angular  velocity,  and,  ©  being  held  fixed,  a  force  equal  and 
parallel  to  R  be  applied  at  a  point  ©,  fixed  relatively  to  the 
body  at  unit  distance  from  CB,  in  the  line  ©^. 

This  beautiful  theorem  was  discovered  by  Kirchhoff;  to  whom 
also  the  first  thoroughly  general  investigation  of  the  equations 
of  equilibrium  and  motion  of  an  elastic  wire  is  due  *. 

To  prove  the  theorem,  it  is  only  necessary  to  remark  that 
the  rate  of  change  of  the  moment  of  R  round  any  line  through 
P,  kept  parallel  to  itself  as  P  moves  along  the  curve,  in  the 
elastic  probjem,  is  equal  simply  to  the  moment  round  the  parallel 
line  through  <©,  of  P  at  (!&  in  the  kinetic  analogue.  It  may  be 
added  that  G  of  the  elastic  problem  corresponds  to  the  constant 
moment  of  momentum  round  the  line  through  CB  parallel  to 
the  constant  direction  of  R  in  the  kinetic  analogue. 

610.  The  comparison  thus  established  between  the  static 
problem  of  the  bending  and  twisting  of  a  wire,  and  the  kinetic 
problem  of  the  rotation  of  a  rigid  body,  affords  highly  interest- 
ing illustrations,  and,  as  it  were,  graphic  representations,  of  the 
circumstances  of  either  by  aid  of  the  other ;  the  usefulness  of 
which  in  promoting  a  thorough  mental  appropriation  of  both 
must  be  felt  by  every  student  who  values  rather  the  physical 
subject  than  the  mechanical  process  of  working  through  mathe- 
matical expressions,  to  which  so  many  minds  able  for  better 
things  in  science  have  unhappily  been  devoted  of  late  years. 

When  particularly  occupied  with  the  kinetic  problem  in 
chap.  IX.,  we  shall  have  occasion  to  examine  the  rotations 
corresponding  to  the  spirals  of  §§  601 — 603,  and  to  point  out 
also  the  general  character  of  the  elastic  curves  corresponding 
to  some  of  the  less  simple  cases  of  rotatory  motion. 

•  Crelle's  Journal,  1859,  Ueber  dag  Gleichgewicht  nad  die  Bewegnng  eija^ 
unendlich  diinnen  elastischen  Stabes. 
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Common  611.     FoF  the  pieseiit  we  confine  ourselves  to  one  example, 

pendulum  '■  ^  . 

luluc^"^  which,  SO  far  as  the  comparison  between  the  static  and  kinetic 
curve.  problems  is  concerned,  is  the  simplest  of  all — the  Elastic  Curve 
of  James  Bernoulli,  and  the  common  pendulum.  A  uniform 
straight  wire,  either  equally  flexible  in  all  planes  through  its 
length,  or  having  its  directions  of  maximum  and  minimum 
flexural  rigidit}'  in  two  planes  through  its  whole  length,  is  acted 
on  by  a  force  and  couple  in  one  of  these  planes,  applied  either 
directly  to  one  end,  or  by  means  of  an  arm  rigidly  attached  to 
it,  the  other  end  being  held  fast.  The  force  and  couple  may, 
of  course  (§  558),  be  reduced  to  a  single  force,  the  extreme  case 
of  a  couple  being  mathematically  included  as  an  Lntiuitely  small 
force  at  an  infinitely  great  distance.  To  avoid  any  restriction 
of  the  problem,  we  must  suppose  this  force  applied  to  an  arm 
rigidly  attached  to  the  wire,  although  in  any  case  in  which  the 
line  of  the  force  cuts  the  wire,  the  force  may  be  applied  directly 
at  the  point  of  intersection,  without  altering  the  circumstances 
of  the  wire  between  this  point  and  the  fixed  end.  The  wire 
will,  in  these  circumstances,  be  bent  into  a  curve  lying  through- 
out in  the  plane  through  its  fixed  end  and  the  line  of  the  force, 
and  (§  599)  its  curvatures  at  different  points  will,  as  was  first 
shown  by  James  Bernoulli,  be  simply  as  their  distances  from 
this  line.  The  curve  fulfilling  this  condition  has  clearly  just 
two  independent  parameters,  of  which  one  is  conveniently  re- 
garded as  the  mean  proportional,  a,  between  the  radius  of 
curvature  at  any  point  and  its  distance  from  the  line  of  force, 
and  the  other,  the  maximum  distance,  h,  of  the  wire  from  the 
line  of  force.  By  choosing  any  value  for  each  of  these  para- 
Griii.hio  meters  it  is  easy  to  trace  the  corresponding  curve  with  a  very 
tion  oT^ns-  high  approximation  to  accuracy,  by  commencing  with  a  small 
trnnsmit.  Circular  arc  touching  at  one  extremity  a  straight  line  at  the 
one^pianV"  given  maximum  distance  from  the  line  of  foroe,  and  continuing 
by  small  circular  arcs,  with  the  proper  increasing  radii,  accord- 
ing to  the  diminishing  distances  of  their  middle  points  from 
the  line  of  force.  The  annexed  diagrams  are,  however,  not 
80  drawn ;  but  are  simply  traced  from  the  forms  actually 
assumed  by  a  flat  steel  spring,  of  small  enough  breadth  not  to 
be  much  disturbed  by  tortuosity  in  the  cases  in  which  different 
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parts  of  it  cross  one  another.     The  mode  of  application  of  the  Equation  of 

,  1-1  -I--  -1  plane 

force    is    sufficiently    explained    by    the    indications    m    the  elastic 

•^  ■*■  •'  curve. 

diagram. 

Let  the  line  of  force  be  the  axis  of  x,  and  let  p  be  the  radius 
of  curvature  at  any  point  {x,  y)  of  the  curve.  The  dynamical 
condition  stated  above  becomes 

py  =  ^  =  « (1). 

where  B  denotes  the  flexural  rigidity,  T  the  tension  of  the  cord, 
and  a  a  linear  parameter  of  the  curve  depending  on  these 
elements.     Hence,  by  the  ordinary  formula  for  p~\ 

Oi    -5—5 

ax' 


'^fW '' 

Multiplying  by  2di/  and  integi-ating,  we  have 


y-^C 1^-^ (3); 

and  finally, 

.=  [ fe;.zo^__ (4), 

J{ia*-C'  +  2Cf-y*)^ 

which  is  the  equation  of  the  curve  expressed  in  terms  of  an 
elliptic  integral. 

If,  in  the  first  integral,  (3),  we  put  -/  =  0,  we  find 

y  =  ^{G^2a'f- (5), 

the  upper  sign  within  the  bracket  giving  points  of  maximum,  and 
the  lower,  points,  if  any  real,  of  minimum  distance  from  the  axis. 
Hence  there  are  points  of  equal  maximum  distance  from  the  line  of 
force  on  its  two  sides,  but  no  real  minima  when  C  <  2a*;  which 
therefore  comprehends  the  cases  of  diagrams  1 .  ..5,  But  there  ai-e 
real  minima  as  Avell  as  maxima  when  C  >  2a',  which  is  therefore 
tlie  case  of  diagram  7.  In  this  case  it  may  be  remarked  that 
the  analytical  equations  comprehend  two  equal  and  similar  de- 

10—2 
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tached  curves  symmetrically  situated  on  the  two  sides  of  the  line  Bqnation  of 

•'  •'  the  plane 

of  force;  of  which  one  only  is  shown  in  the  diagram.  elastic 


cuive. 


The  intermediate  case,  (7=  2a*,  is  that  of  diagram  6.     For  it 
the  final  integral  degrades  into  a  logarithmic  form,  as  follows : — 


X 


or,  with  the  integrations  efiected,  and  the  constant  assigned  to 
make  the  axis  of  y  be  that  of  symmetry, 

x=-{^a''-yy  +  a\og ^— — ^-^ (6). 

This  equation,  when  the  radical  is  taken  with  the  sign  indicated, 
represents  the  branch  proceeding  from  the  vertex,  first  to  the 
negative  side  of  the  axis  of  y,  crossing  it  at  the  double  point,  and 
going  to  infinity  towards  the  positive  axis  of  x  as  an  asymptote. 
The  other  branch  is  represented  by  the  same  equation  with  the 
sign  of  the  radical  reversed  in  each  place. 

1  +  j^  j   can 

only  change,  for  a  point  moving  continuously  along  the  curve, 

when  -^  becomes  infinite.     The  interpretation  is  faciKtated  by 
ax 

putting 

-^  =  tan  6,  or  ( 1  -I-  ^  V  =  -  cos  6, 
dx  '        V       cZsV 

which  reduces  (3)  to 

y-=2a^coQe  +  G (7). 

Here,  when  C>  lar  (the  case  in  which,  as  we  have  seen  above, 
there  are  minimum  as  well  as  maximum  values  of  y  on  one  side 
of  the  line  of  force),  there  is  no  limit  to  the  value  of  6.  It  in- 
creases, of  course,  continuously  for  a  point  moving  continuously 
along  the  curve;  the  augmentation  being  '2tt  for  one  complete 
period  (diagram  7). 

When  G  <  2a*,  B  has  equal  positive  and  negative  values  at  the 
points  in  which  the  curve  cuts  the  line  of  force.  These  values 
being  given  by  the  equation 

cose  =  -^. (S), 
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Equation  of  are  obtuse  when  C  is  positive  (diagram  3),  and  acute  when  C  is 

thf  plane  .  ■,\        my  x-  i  e    rt    ■        e 

eia-.tic  negative  (<hagram  1).     The  extreme  negative  value  or  C  is  ot 


curve. 


course  -  2a*. 

If  we  take  C=-2a*  +  6*, 

*6  will  be  the  maximum  positive  or  negative  value  of  y,  as  we 
see  by  (7);  and  if  we  suppose  6  to  be  small  in  compamon  with 
a,  we  have  the  case  of  a  uniform  spring  bent,  as  a  bow,  but 
slightly,  by  a  string  stretched  between  its  ends. 

Bowsiightiy  612.  An  important  particular  case  is  that  of  figure  1,  which 
corresponds  to  a  bent  bow  having  the  same  flexural  rigidity 
throughout.  If  the  amount  of  bending  be  small,  the  equation 
is  easily  integrated  to  any  requisite  degree  of  approximation. 
We  will  merely  sketch  the  process  of  investigation. 

Let  e  be  the  maximum  distance  from  the  axis,  corresponding 

to  x  =  0.     Then  y  =  e  gives  -^  =  0,  and  (3)  becomes 

e«-y*=2a7l-  ^ 


y- 


whence  -y- =  - n  *      i i"-^  ^^^• 

dx  2a*  -  e*  +  y* 

For  a  first  approximation,  omit  e*  -  y*  in  comparison  w  ith  a* 
where  they  occur  in  the  same  factors,  and  we  have 


dy  _J^^^ 
dx  a 


or,  since  y  =  c  when  «  =  0, 


X 


y  =  ecoH     (10), 

the  harmonic  curve,  or  curve  of  sines,  which  is  the  simplest  form 
assumed  by  a  vibrating  cord  or  pianoforte  wire. 

For  a  closer  approxinmtiou  we  may  substitute  for  y,  in  those 
factors  where  it  was  omitted,  the  value  given  by  (10);  and  so  on. 
Thus  we  have 


in*  -  ) ,  neailv. 
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dy  dx  ( ^       3e*        3e*         2.x\  Bowsiightiy 

or  -,  =  —      1  +  r-^r-2  -  YTT—i  cos  —  )  ,  bent. 

from  which,  by  integration, 

_,V      «/,        3e*\        3e'     .    2a; 
cos  '  ^  =  -    1  +  -— ^    -  .^^^-,  sin  — 
e      a\        iba/      o2a'         a 

(x/,       3e'\)       Ze"     .    X    .    1x 
and  7/  =  e  cos  <  -     1  +  ,-7;-^    \  +  r-— ^  sm  -  sin  —  . 

(a  V        loay )      S2a'        a         a 

613.  As  we  choose  particularly  the  common  pendulum  for  Plane 
the  corresponding  kinetic  problem,  the  force  acting  on  the  and  com- 
rigid  body  in  the  comparison  must  be  that  of  gravity  in  duium. 
the  vertical  through  its  centre  of  gravity.  It  is  convenient, 
accordingly,  not  to  take  unity  as  the  velocity  of  the  point 
travelling  along  the  bent  wire,  but  the  velocity  gravity  would 
generate  in  a  body  falling  through  a  height  equal  to  half  the 
constant,  a,  of  §  611  :  and  this  constant,  a,  will  then  be  the 
length  of  the  isochronous  simple  pendulum.  Thus  if  an  elastic 
curve  be  held  with  its  line  of  force  vertical,  and  if  a  point,  P, 
be  moved  along  it  with  a  constant  velocity  equal  to  Jga,  (a 
denoting  the  mean  proportional  between  the  radius  of  curvature 
at  any  point  and  its  distance  from  the  line  of  force,)  the  tangent 
at  P  will  keep  always  parallel  to  a  simple  pendulum,  of  length 
a,  placed  at  any  instant  parallel  to  it,  and  projected  with  the 
same  angular  velocity.  Diagrams  1...5  correspond  to  vibra- 
tions of  the  pendulum.  Diagram  6  corresponds  to  the  case  in 
which  the  pendulum  would  just  reach  its  position  of  unstable 
equilibrium  in  an  infinite  time.  Diagram  7  corresponds  to 
cases  in  which  the  pendulum  flies  round  continuously  in  one 
direction,  with  periodically  increasing  and  diminishing  velocity. 
The  extreme  case,  of  the  circular  elastic  curve,  corresponds  to 
a  pendulum  flying  round  with  infinite  angular  velocity,  which  of 
course  experiences  only  infinitely  small  variation  in  the  course 
of  the  revolution.  A  conclusion  worthy  of  remark  is,  that  the 
rectification  of  the  elastic  curve  is  the  same  analytical  problem 
as  finding  the  time  occupied  by  a  pendulum  in  describing  any 
given  angle. 
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Wire  of  any       614.     Hitherto    we   Ijave  confined   our  investigation  of  the 

hlmpedis-        .  ,  .  ,,  .  ,  •  1?      1  1.     1 

turua  by     torm  and  twist  oi  a  wire  under  stress  to  a  portion  or  the  whole 

forcfs  and  ^         n  •    i 

coupK-8        wire  not  itself  acted    on    by  force    from    without,  but  merely 

applied  *'  .... 

through  its  engacfed  in  transmittiujj  force  between  two  equilibratinjr  s\'stema 
applied  to  the  wire  beyond  this  portion;  and  we  have,  thu.s, 
not  included  the  very  important  practical  cases  of  a  curve 
deformed  by  its  own  weight  or  centrifugal  force,  or  fulhlling 
such  conditions  of  equilibrium  as  we  shall  have  to  use  after- 
wards in  finding  its  equations  of  motion  according  to  D'Alem- 
bert's  principle.  We  therefore  proceed  now  to  a  perfectly 
general  investigation  of  the  equilibrium  of  a  curve,  uniform  or 
not  uniform  throughout  its  length;  either  straight,  or  bent  and 
twisted  in  any  way,  wlitu  free  from  stress;  and  not  restricted 
by  any  condition  as  to  the  positions  of  the  three  principal 
fiexure-torsion  axes  (§  596);  under  the  influence  of  any  dis- 
tribution whatever  of  force  and  couple  through  its  whole 
length. 

Let  a,  /?,  y  be  the  components  of  tlie  mutual  force,  and  $,  77,  { 
thoae  of  the  mutual  couple,  acting  between  the  matter  on  the 
two  sides  of  the  normal  section  through  (x,  y,  2).  Tliose  for  the 
normal  seclion  tlirough  (x  +  Sx,  y  +  Bi/,  z  +  hz)  will  be 

da  .  ({^  ,  dy  ^ 

a  +  -r  OS,   B  +  -J-  ds,    y  +  -~-  6s, 
ds  ds  '      ds 

i+-j-8s,    77  +  '-^  85,    ^  +  '  -  8s, 
ds  (IS  lis 

Hence,  if  XBs,  YSs,  Z8s,  and  L8s,  M8s,  Xhs  be  the  components 
of  the  ai)plied  force,  and  applied  couple,  on  the  portion  &  of  the 
wire  between  those  two  normal  sections,  we  have  (§  551)  for  the 
equilibrium  of  this  part  of  the  wire 

-^-=s'-^='^-^=S <"■ 

and  (neglecting,  of  couree,  infinitely  small  terms  of  the  second 
order,  as  hyhs) 

-  Lta  =  y  ^.-J  +  y8y  -  j8&S,  etc. ; 

or 

_     d^        d,/  dz  drj         dz         dx  Y.^^^o'^^     J^t      /2\ 

ds      ^  ds      ^  d^  dj        ds      '  da'  ds     "^  ds        rf^       ^  ' 
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We  may  eliminate  a,  (3,  y  from  these  six  equations  by  means  of 
tlie  following  convenient  assumption — 


dx      ndy         ^^  _  rp 
ds         ds     ^  ds 


/o\         Longitudi« 
■\^h        ral  tensioa. 


T  meaning  the  component  of  the  force  acting  across  the  normal 
section,  along  the  tangent  to  the  middle  line.  From  this,  and 
the  second  and  third  of  (2),  we  have 

ds      \         ds  J  ds      \         as/  ds 

This,  and  the  symmetrical  expressions  for  fi  and  y,  used  in  (1 ) 
give 

ds  {_     ds      \        ds)  ds      \        ds)  ds] 

ds  (     ds      \        ds)  ds      \        ds)  ds) 
"We  have  besides,  from  (2), 

«==S(^^l)^l(-4M(-'40 <^)- 

To  complete  the  mathematical  expression  of  the  circumstances, 
it  only  remains  to  inti'oduce  the  equations  of  torsion-flexure. 
For  this  purpose,  let  any  two  lines  of  reference  for  the  substance 
of  the  wire,  FK,  PL,  be  chosen  at  right  angles  to  one  another  in 
the  normal  section  through  P.  Let  k^,  X^  be  the  components  of 
the  curvature  (§  589)  in  the  planes  perpendicular  to  these  lines, 
and  througli  the  tangent,  PT,  when  the  wire  is  unstrained ;  and 
K,  A  what  they  become  under  the  actual  stress.  Let  t„  denote 
the  rate  of  twist  (§  119)  of  either  line  of  reference  round  the 
tangent  from  point  to  point  along  the  wire  in  the  unstrained 
condition,  and  t  in  the  strained,  so  that  t  —  t^  is  the  rate  of  twist 
produced  at  P  by  the  actual  stress.     Thus  [§  595  (3)]  we  have 


il  +   -qm  +    t,n  =A  (k-k^)  +  c  (A.  -  X^,)  +  ^(t  -  t^)  ] 
^l'+  r)m'+    Cn'  =  c{K-Kj  +B{\-\)  +a(T-T„) 
dx 

Zs 


r-^  +  ^J  +  C^^-MK-0  +  «(^-'\)+C'(r-T,) 


(6), 


EquatioiiS 
of  torsion- 
fleiure. 
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where  [l,  m,  n),  (I',  m',  n'),  (  3-  ,     r  ,    -f)  denote  tlie  direct 
of  PK,  PL,  PT;  so  that 


ions 


,dx 


dy        dz 


dx 


.''^^  .  -'^'^ 


•('). 


.ax       ay       az    ^     ,,ax       .ay      ,az     .  ■» 
d%         ds        ds  ds  ds         di  \ 

W  +  mm!  +  nn'  -  0 


Now  if  lines  OK,  O^L,  O^T,  each  of  unit  length,  he  drawn,  as  in 
§  593,  always  parallel  to  PK,  PL,  PT,  and  if  P  he  carried  at 
unit  velocity  along  the  curve,  the  component  velocity  of  Jj 
parallel  to  0^2\  or  that  of  ^7'  parallel  to  O^K  with  its  sign  changed, 
is  (§  593)  equal  to  k;  and  similar  statements  apply  to  A.  and  t. 
Hence, 


")} 


'-{'■sUS)*'"'s(l)-'"'s(S 

K  ds  \d3/         ds  \ds/        ds  \ds/} 

/,,  dl        ,  dm       ,  dn\ 
\    ds  ds  ds  J 


...(8). 


Equations  (7)  reduce  (/,  m,  n),  [V,  m',  n)  to  one  variable  element, 
being  the  co-ordinate  by  which  the  position  of  the  substance  of 
the  wire,  round  the  tangent  at  any  point  of  the  central  cun'e,  is 
specilied  :  and  (8)  express  k,  A,  t  in  terms  of  this  co-ordinate, 
and  the  three  Cartesian  co-ordinates  x,  y,  z  of  /'.  The  specifi- 
cation of  the  unstruinod  condition  of  the  wire  gives  k^,  \^,  t,  as 
functions  of  s.  Thus  (6)  givt's  $,  rj,  C  each  in  terms  of  s,  and 
the  four  co-ordinates,  and  their  differential  coefficients  relatively 
to  8.  Substituting  these  in  (4)  and  (5)  we  have  four  ditiereutial 
equations  which,  with 


(9). 


dx'      dy*      dz'     , 
ds*      ds*      ds' 


constitute  the  five  equations  by  which  the  five  unknown  functions 
(the  four  co-ordinates,  and  the  ten^ion,  T)  are  to  be  determined 
in  terms  of  «,  or  by  moans  of  which,  with  s  and  T  eliminated, 
the  two  equations  of  the  curve  may  be  found,  and  the  co-ordinate 
for  the  position  of  the  normal  section  round  the  tangent  deter- 
mined in  terms  of  x,  y,  s. 
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The  terminal  conditions  for  any  specified  circumstances  are  Termirial 
easily  expressed  in  the  proper  mathematical  terms,  by  aid  of 
equations  (2).  Thus,  for  instance,  if  a  given  force  and  a  given 
couple  be  directly  applied  to  a  free  end,  or  if  the  problem  be 
limited  to  a  portion  of  the  wire  terminated  in  one  direction  at  a 
point  Q,  and  if,  in  virtue  of  actions  on  the  wire  beyond,  we  have 
a  given  force  (a„,  )8„  y^)  and  a  given  couple  (4,  rj^,  Q  acting  on 
the  normal  section  througli  Q  of  the  portion  under  consideration, 
and  if  s^  is  the  length  of  the  vdre  from  the  zero  of  reckoning  for 
s  up  to  the  point  Q,  and  Z^,  M^,  JV^  the  values  of  L,  M,  N  at  this 
point,  the  equations  expressing  the  terminal  conditions  will  be 

d$      -r      (     dy 


^"^^»'  "i^^^^U-S'^^i) 


when  s  =  s^  1 


dt] 


r       [       dZ 


dx\ 
dsj 
dy\ 


(10). 


From    these    we    see,  by    taking   ^^  =  0,   M^  =  0,   A'^„  =  0,  a-^  =  ^, 
)8„  =  0,  y,  =  0,  4  =  0,  77,  =  0,  Co  =  0,  that 

615.  For  the  simple  and  important  case  of  a  naturally 
straight  wire,  acted  on  by  a  distribution  of  force,  but  not  of 
couple,  through  its  length,  the  condition  fulfilled  at  a  perfectly 
free  end,  acted  on  by  neither  force  nor  couple,  is  that  the  curva- 
ture is  zero  at  the  end,  and  its  rate  of  variation  from  zero,  per 
unit  of  length  from  the  end,  is,  at  the  end,  zero.  In  other  words, 
the  curvatures  at  points  infinitely  near  the  end  are  as  the 
squares  of  their  distances  from  the  end  in  general  (or,  as  some 
higher  power  of  these  distances,  in  singular  cases).  The  same 
statements  hold  for  the  change  of  curvature  produced  by  the 
stress,  if  the  unstrained  wire  is  not  straight,  but  the  other 
circumstances  the  same  as  those  just  specified. 

616.  As  a  very  simple   example   of  the   equilibrium    of  a  straieht 
wire   subject  to  forces  through  its  length,  let  us  suppose  the  „u€iy Tittle 
natural   form    to  be  straight,  and  the  applied  forces  to  be  in 
lines,  and  the  couples  to  have  their  axes  all  perpendicular  to 
its  length,  and  to  be  not  great  enough  to  produce  more  than 
an  infinitely  small  deviation  from  the  straight  line.     Further, 


bent. 
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stmieht      in  order  that  these  forces  and  couples  mav  produce  no  twist, 

beam  infl-  .  ^  "^  i  •       i  j 

mteiybttie  Jet  the  three  flexure-torsion  axes  be  perpendicular  to  and 
along  the  wire.  But  we  shall  not  limit  the  problem  further 
by  supposing  the  section  of  the  wire  to  be  uniform,  as  we 
should  thus  exclude  some  of  the  most  important  practical 
applications,  as  to  beams  of  balances,  levers  in  machinery, 
beams  in  architecture  and  engineering.  It  is  more  instructive 
to  investigate  the  equations  of  equilibrium  directly  for  this 
case  than  to  deduce  them  from  the  equations  worked  out  above 
for  the  much  more  comprehensive  general  problem.  The  par- 
ticular principle  for  the  present  case  is  simply  that  the  rate  of 
variation  of  the  rate  of  variation,  per  unit  of  length  along  the 
wire,  of  the  bending  couple  in  any  plane  through  the  length,  is 
equal,  at  any  point,  to  the  applied  force  per  unit  of  length,  with 
the  simple  rate  of  variation  of  the  applied  couple  subtracted. 
This,  together  with  the  direct  equations  (§  599)  between  the 
component  bending  couples,  gives  ihe  required  equations  of 
equilibrium. 

The  diagram  reprf-senting  a  section  of  the  wire  in  the  plane 
xy,  let   OP^x,  PP'=hx.     Let   )'  and  ..V"  be   the   coun>onent8 


in  the  plane  of  the  diagram,  of  the  applied  force  and  couple, 
each  reckoned  per  unit  of  length  of  the  wire ;  so  that  }'&c 
and  Nhx  will  be  the  amount.s  of  force  and  couple  in  this 
plane,  actually  applied  to  the  portions  of  the  wire  between  P 
aud  F. 

Let,  as  liefore  (.^  614).  /3  and  y  denote  the  components  parallel 
to  Oy  and  OZ  of  the  nuitnal  force*,  and  t,  and  t;  the  components 

•  Tliese  forces,  being  each  in  the  plane  of  section  of  the  solid  separating  the 
portions  of  matter  between  which  they  act,  are  of  the  kind  called  shearing  forces. 
See  below,  §  GG2. 
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in  the  plane  XOY,  XOZ,  of  the  mutual  couple,  between  tlic  straight 
portions  of  matter  on  the  two  sides  of  the  normal  section  through  nitely  little 
P ;  and  P,  y  and  t,',  t]  the  same  for  P'.  The  matter  between 
these  two  sections  is  balanced  under  these  actions  fi-om  the 
matter  contiguous  to  it  beyond  them,  and  the  force  and  couple 
applied  to  it  from  without.  These  last  have,  in  the  plane  XOY, 
components  respectively  equal  to  YZx,  and  iVSa; :  and  hence  for 
the  equilibrium  of  the  portion  FF , 

-  ft  +  Ycx  +  yS'  ==  0,  by  forces  parallel  to  OY, 
and       —  C  +  XSx  +  t,'  +  ftSx  =  0,  by  couples  in  plane  XO  Y, 

the  term  fi^x  in  this  second  equation  being  the  moment  of  the 
couple  formed  by  the  iufinitely  nearly  equal  forces  ft,  ft'  in  the 
dissimilar  parallel  directions  through  P  and  P.     Now 

ft'  -  ft  =  -r-  h;,  and  I'  -t,^~^^x. 
ax  ax 

Hence  the  preceding  equations  give 


dft^_Y 
dx 

and  these,  by  the  elimination  of  ft, 


(1)3 


^^^J£^Y (-2). 

da?         dx 


Similarly,  by  forces  and  couples  in  the  plane  XOZ, 

+  Z (3), 


^__dM 
doer         dx 


couples  in  this  plane  being  reckoned  positive  when  they  tend  to 
turn  from  the  direction  of  OX  to  that  of  OZ;  which  is  opposite 
to  the  convention  (551)  generally  adopted  as  being  proper  when 
the  three  axes  are  dealt  with  symmetrically. 

Since  the  wire  deviates  infinitely  little  ffom  the  straight  line 
OX,  the  component  curvatures  ai-e 

—  in  the  plane  XOY, 
dx' 

and  ^,       „       ,.       XOZ 
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gtFBMtht  Hence  the  equations  of  flexure  are 

beam  in II- 

nitejy  little  d'v  d^Z^ 

where  B  and  C  are  the  flexural  rigidities  (§  596)  in  the  planes 
xy  and  xz,  and  a  the  coefficient  expressing  the  couple  in  either 
produced  by  unit  curvature  in  the  other;  three  quantities  which 
are  to  be  regarded,  in  general,  as  given  functions  of  x.  Substi- 
tuting these  expressions  for  t,  and  rj,  in  (2)  and  (3),  we  have 
the  required  equations  of  equilibrium. 

Caseofin-        617.     If  the  directions  of  maximum  and  minimum  flexural 

ilependent  i  i-         i  i  i  •        •  i  i 

iiexurein  rigidity  lie  throughout  the  wire  in  two  planes,  the  equations 
of  equilibrium  become  simplified  by  these  planes  being  chosen 
as  planes  of  reference,  XOY,  XOZ.  The  flexure  in  either  plane 
then  depends  simply  on  the  forces  in  it,  and  thus  the  problem 
divides  itself  into  the  two  quite  independent  problems  of  in- 
tegrating the  equations  of  flexure  in  the  two  principal  planes, 
and  so  finding  the  projections  of  the  curve  on  two  fixed  planes 
agreeing  with  their  position  when  the  rod  is  straight. 

In  this  case,  and  with  XOY,  XOZ  so  chosen,  we  have  a  =  0. 
Hence  the  equations  of  flexure  (4)  become  simply 


and  the  diflferential  equations  of  the  curve,  found  by  using  these 
in  (2)  and  (3), 

where  ^="^'*"^''  ®  =  "'^^^ <^^- 

Here  ^  and  %  are  to  be  generally  regarded  as  known  functions 
of  X,  given  explicitly  by  (6),  being  the  amounts  of  component 
simple  forces  perpendicular  to  the  wire,  reckoned  jjer  unit  of  its 
length,  that  would  prochice  the  same  flgure  as  the  distribution  of 
force  and  couple  we  have  sujiposed  «ctually  apjilied  throughout 
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the  length.    Latei',  when  occupied  with  the  theory  of  magnetism,  Caspofin- 

•  •  PIT.  dependent 

we  shall  meet  with  a  curious  instance  oi  the  relation  expressed  flexure  in 

by  (6).  In  the  meantime  it  may  be  remarked  that  although  the  * 
figure  of  the  wire  does  not  sensibly  differ  when  the  simple  distri- 
bution of  force  is  substituted  for  any  given  distribution  of  force 
and  couple,  the  shearing  forces  in  normal  sections  become 
thoroughly  altered  by  this  change  of  circumstances,  as  is  shown 
by  (1).  When  the  wire  is  uniform,  B  and  C  are  constant,  and 
the  equations  of  equilibrium  become 

dx'"  B'    dx*      C ^  '' 

The  simplest  example  is  obtained  by  taking  |f  and  ®  each  piank  bent 
constant,  a  very  interesting  and  useful  case,  being  that  of  a  weight 
uniform  beam  influenced  only  by  its  own  weight,  except  where 
held  or  pressed  by  its  supports.  Confining  our  attention  to 
flexure  in  the  one  principal  plane,  XOY,  and  supposing  this  to 
be  vertical,  so  that  '^  =  gw,  if  w  be  the  mass  per  unit  of  length ; 
we  have,  for  the  complete  integral,  of  course 

y  =  ^^{^x*  +  Ko^  +  K'x'  +  K"x  +  K"') (8), 

where  K,  K',  etc.,  denote  constants  of  integration.     These,  four 

in  number,  are  determined  by  the  terminal  conditions ;  which, 

d'u 
for  instance,  may  be  that  the  value  of  y  and  of  -p  is  given  for 

each  end.  Or,  as  for  instance  in  the  case  of  a  plank  simply 
resting  with  its  ends  on  two  edges  or  trestles,  and  free  to  turn 
round  either,  the  condition  may  be  that  the  curvature  vanishes 
at  each  end :  so  that  if  OX  be  taken  as  the  line  through  the 
points  of  support,  we  have 

d'y     ,  \  when  a;  =  0  and  when  x  =  l,  Y\w,v  sup- 

— -  =  0  poi"t>  ii  i>y 

doi?  its  ends. 


I  being  the  length  of  the  plank.     The  solution  then  is 

B 


y^^-^.-h{^*-'2lx'  +  Px) (9). 


ft  -tjs  ^  /* 

Hence,  by  putting  x  =  U,  we  find  V--^  .  t^; — 777  for  the  distance 

x»     lb  X  zi 
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Plank  >>ip-  by  which  the  middle  point  is  deflected  from  the  straight  line 

{Ts'endsY  joining  the  points  of  support. 

Or,  as  in  the  case  of  a  plank  balanced  on  a  trestle  at  its  middle 
(taken  as  zero  of  x),  or  hung  by  a  rope  tied  round  it  there,  we 
may  have 

y  =  0| 

bvits  ^  =  0     ^•^«"'*^"^' 

middle.  dx 


^2^  =  01 


!•   when  x=ll  [see  above,  §  614  (10)]. 


The  solution  in  this  ca.se  is,  for  the  positive  half  of  the  plank, 
y-^-^.^{x*-2lx''  +  ^Px') (10). 

By  putting  x  =  ^ /,  we  find  y-=  -^  ■  -rr. — :f,  ■     ^ J ♦^nce 

Droonscom-      618.     Wiien  a  uniform  bar,  beam,  oi-  plank  is  balanced  on  a 
^"^  single  trestle  at  its  middle,  the  droop  of  its  ends  is  only  ^  of  the 

droop  which  its  middle  has  when  the  bar  is  supported  on  trestles 
at  its  ends.  From  this  it  follows  that  the  former  is  |  and  the 
latter  |  of  the  droop  or  elevation  produced  by  a  force  equal  to 
half  the  weight  of  the  bar,  applied  vertically  downwards  or 
upwards  to  one  end  of  it,  if  the  middle  is  held  fast  in  a  hori- 
zontal position.  For  let  us  first  suppose  the  whole  to  rest  on  a 
trestle  under  its  middle,  and  let  two  trestles  be  placed  under 
its  ends  and  gradually  raised  till  the  pressure  is  entirely  taken 
oS"  from  the  middle.  During  this  operation  the  middle  remains 
fi.\ed  and  horizontal,  while  a  force  increasing  to  half  the  weight, 
applied  vertically  upwards  on  each  end,  raises  it  through  a 
height  equal  to  the  sura  of  the  droops  in  the  two  cases  above 
referred  to.  Tiiis  result  is  of  course  proved  directly  by  com- 
I'lnnk  8u|i  itaring  the  absolute  values  of  the  droop  in  those  two  cases  as 
eiidHor  found  above,  with  the  deflection  from  the  tangent  at  the  end  of 
the  cord  in  the  elastic  curve,  figure  2,  of  §  611,  which  is 
cut   by  the  cord  at  right  angles.     It  may  be  stated  otherwise 
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thus :  the  droop  of  the  middle  of  a  uniform  beam  resting  on  Piank  srp- 
trestles  at  its  ends  is  increased  in  the  ratio  of  5  to  13  by  laving  ends  or  ^'  ^ 
a  mass  equal  in  weight  to  itself  on  its  middle :    and,  if  the 
beam  is  hung  by  its  middle,  the  droop  of  the  ends  is  increased 
in  the  ratio  of  3  to  11  by  hanging  on  each  of  them  a  mass 
equal  to  half  the  weight  of  the  beam. 

619.  The  important  practical  problem  of  finding  the  distri-  by  three  or 
bution  of  the  weight  of  a  solid  on  points  supporting  it,  when 
more  than  two  of  these  are  in  one  vertical  plane,  or  when 
there  are  more  than  three  altogether,  which  (§  568)  is  indeter- 
minate* if  the  solid  is  perfectly  rigid,  may  be  completely  solved 
for  a  uniform  elastic  beam,  naturally  straight,  resting  on  three 
or  more  points  in  rigorously  fixed  positions  all  nearly  in  one 
horizontal  line,  by  means  of  the  preceding  results. 

If  there  are  i  points  of  support,  the  i  —  1  parts  of  the  rod 
between  them  in  order  and  the  two  end  parts  will  form  i  +  \ 
curves  expressed  by  distinct  algebraic  equations  [§  617  (8)],  each 
involving  four  arbitrary  constants.  For  determining  these  con- 
stants we  have  44  +  4  equations  in  all,  expressing  the  following 
conditions : — 

I.  The  ordinates  of  the  inner  ends  of  the  projecting  parts  of 
the  rod,  and  of  the  two  ends  of  each  intermediate  part,  are 
respectively  equal  t(_>  the  given  ordinates  of  the  corresponding 
points  of  support  [2i  equations]. 

II.  The  curves  on  the  two  sides  of  each  support  have  co- 
incident tangents  and  equal  curvatures  at  the  point  of  transi- 
tion from  one  to  the  other  \2i  equations], 

III.  The  curvature  and  its  rate  of  variation  per  unit  of 
length  along  the  rod,  vanish  at  each  end  [4  equations]. 

Thus  the  equation  of  each  part  of  the  curve  is  completely 
determined:  and  then,  by  §  616,  we  find  the  shearing  force 
in  any  normal  section.     The  difterence  between  these  in  the 

*  It  need  scarcely  be  remarked  that  indeterminateness  does  not  exist  in 
nature.  How  it  may  occur  in  the  problems  of  abstract  dynamics,  and  is  obvi- 
ated by  taking  something  more  of  the  properties  of  matter  into  account,  is 
instructively  illustrated  by  the  circumstances  referred  to  in  the  text. 

VOL.  II.  11 
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neighbouring  portions  of  the  rod  on  the  two  sides  of  a  point 
of  support,  is  of  course  equal  to  the  pressure  on  this  point. 

Plank  sup-        620.     The  sohition  for  the  case   of  this  problem  in    which 

portftibvits  .  .  ^  1       1  1  •     1 

ends  and     two  ot  the  points  of  support  are  at  the  ends,  and   the   third 

middle.  ^  f\  .  .... 

midway  between  them  either  exactly  in  the  line  joining  them, 
or  at  any  given  very  small  distance  above  or  below  it,  is  found 
at  once,  without  analytical  work,  from  the  particular  results 
stated  in  §  618.  Thus  if  we  suppose  the  beam,  after  being 
first  supported  wholly  by  trestles  at  its  ends,  to  be  gradually 
pressed  up  by  a  trestle  under  its  middle,  it  will  bear  a  force 
simply  proportional  to  the  space  through  which  it  is  raised 
from  the  zero  point,  until  all  the  weight  is  taken  off  the  ends, 
and  borne  by  the  middle.     The  whole  distance  througii  which 

the  middle  rises  during  this  process  is,  as  we  found,  ~  •  ; 

and  this  whole  elevation  is  f  of  the  droop  of  the  middle  in  the 
first  position.  If  therefore,  for  instance,  the  middle  trestle  be 
fixed  exactly  in  the  line  joining  those  under  the  ends,  it  will 
bear  ^  of  the  whole  weight,  and  leave  ^^  to  be  borne  by  each 
end.  And  if  the  middle  trestle  be  lowered  from  the  line  join- 
ing the  end  ones  by  -j^  of  the  space  through  which  it  would 
have  to  be  lowered  to  relieve  itself  of  all  pressure,  it  will  bear 
just  ^  of  the  whole  weight,  and  leave  the  other  two  thirds  to 
be  equally  borne  by  the  two  ends. 

notation  of       621.     A   wire    of    equal    flcxibilitv    in   all   directions,   and 

a  wire  round  i  ^  > 

itscin.stic     straight  when  freed  from  stress,  offers,  when  bent  and  twisted 

••cntral  line.  . 

in  any  manner  whatever,  not  the  slightest  resistance  to  being 
turned  round  its  elastic  central  curve,  as  its  conditions  of 
ii'r'ar  ""*  equilibrium  are  in  no  way  affected  by  turning  the  whole  wire 
jlmi7si89.  *^"^  equally  throughout  its  length.  The  useful  application  of 
this  principle,  to  the  maintenance  of  equal  angular  motion  in 
two  bodies  rotating  round  difft-rent  axes,  is  rendered  somewhat 
difticult  in  practice  by  the  necessity  of  a  perfect  attachment 
and  adjustment  of  each  end  of  the  wire,  so  as  to  have  the  tan- 
gent to  its  elastic  central  curve  exactly  in  line  with  the  axis 
of  rotation.  But  if  this  condition  is  rigorously  fulfilled,  and 
the  wire  is  of  exactly  equal  Hcxibiiity  in  every  direction,  and 
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exactly  straight  when  free  from  stress,  it  will  give,  against  any  Equable 

■^  r  I  -n  •  /•  X     elastic  ro- 

constant  resistance,  an  accurately  unitorm  motion  trom  one  to  tating  joint, 
another  of  two  bodies  rotating  round  axes  which  may  be  in- 
clined to  one  another  at  any  angle,  and  need  not  be  in  one 
plane.  If  they  are  in  one  plane,  if  there  is  no  resistance  to 
the  rotatory  motion,  and  if  the  action  of  gravity  on  the  wire 
is  insensible,  it  will  take  some  of  the  varieties  of  form  (§  612) 
of  the  plane  elastic  curve  of  James  Bernoulli.  But  however 
much  it  is  altered  from  this ;  whether  by  the  axes  not  being  in 
one  plane ;  or  by  the  torsion  accompanying  the  transmission  of 
a  couple  from  one  shaft  to  the  other,  and  necessarily,  when  the 
axes  are  in  one  plane,  twisting  the  wire  out  of  it;  or  by  gravity; 
the  elastic  central  curve  will  remain  at  rest,  the  wire  in  every 
normal  section  rotating  round  it  with  uniform  angular  velocity, 
equal  to  that  of  each  of  the  two  bodies  which  it  connects. 
Under  Properties  of  Matter,  we  shall  see,  as  indeed  may  be 
judged  at  once  from  the  performances  of  the  vibrating  spring 
of  a  chronometer  for  twenty  years,  that  imperfection  in  the 
elasticity  of  a  metal  wire  does  not  exist  to  any  such  degree  as 
to  prevent  the  practical  application  of  this  principle,  even  in 
mechanism  required  to  be  durable. 

It  is  right  to  remark,  however,  that  if  the  rotation  be  too 
rapid,  the  equilibrium  of  the  wire  rotating  round  its  unchanged 
elastic  central  curve  may  become  unstable,  as  is  immediately  dis- 
covered by  experiments  (leading  to  very  curious  phenomena)., 
when,  as  is  often  done  in  illustrating  the  kinetics  of  ordinarv 
rotation,  a  rigid  body  is  hung  by  a  steel  wire,  the  upper  end  of 
which  is  kept  turning  rapidly. 

622.     If  the  wire  is  not  of  rigorously  equal  flexibility  in  all  Practical 

.  _     ■^  1  iuequalities. 

directions,  there  will  be  a  periodic  inequality  in  the  communi- 
cated angular  motion,  having  for  period  a  half  turn  of  either 
body :  or  if  the  wire,  when  unstressed,  is  not  exactly  straight, 
there  will  be  a  periodic  inequality,  having  the  whole  turn  for 
its  period.  In  other  words,  if  (p  and  (f)'  be  angles  simultane- 
ously turned  through  by  the  two  bodies,  with  a  constant  work- 
ing couple  transmitted  from  one  to  the  other  through  the  wire, 
<^  —  <^'  will    not    be    zero,    as    in   the    proper    elastic    universal 

11—2 


tating  joint. 
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Practical      flexurc  joint,  but  will  be  a  function  of  sin  2(f>  and  cos  20  if  the 

'  first  defect  alone  exists ;  or  it  will  he  a  function  of  sin  (f>  and 

cos  <f)  if  there  is  the  second  defect  whether  alone  or  along  with 

the  first.     It  is  probable   that,  if  the  bend  in  the  wire  when 

Einsticro-  unstrcssed  is  not  greater  than  can  be  easily  provided  against 
in  actual  construction,  the  inequality  of  action  caused  by  it 
may  be  sufficiently  remedied  without  much  difficulty  in 
practice,  by  setting  it  at  one  or  at  each  end,  somewhat  inclined 
to  the  axis  of  the  rotating  body  to  which  it  is  attached.  But 
these  considerations  lead  us  to  a  subject  of  much  greater  interest 
in  itself  than  any  it  can  have  from  the  possibility  of  usefulness 
in  practical  aj^plications.  The  simple  cases  we  shall  choose 
illustrate  three  kinds  of  action  which  may  exist,  each  either 
alone  or  with  one  or  both  the  others,  in  the  equilibrium  of  a 
wire  not  equally  flexible  in  all  directions,  and  straight  when 
unstressed. 


Rotation  623.     A  Uniform  wire,  straight  when  unstressed,  is  bent  till 

round  its 
elastic  ceil 
trul  circU'. 


elastic cen-  its  two  cuds  meet,  which  are  then  attached  to  one  another,  with 


of  n  straittiit  the  clastic  central  curve  through  each  touching  one  straight 
iiitoa  hooi).  line :  so  that  whatever  be  the  form  of  the  normal  section,  and 
the  quality,  crystalline  or  non-crystalline,  of  the  substance,  the 
whole  wire  must  become,  when  in  equilibrium,  an  exact  circle 
(gravity  being  not  allowed  to  produce  any  disturbance).  It  is 
required  to  find  what  must  be  done  to  turn  tlie  whole  wire 
uniformly  through  any  angle  round  its  elastic  central  circle. 

If  the  wire  is  of  exactly  equal  flexibility  in  all  directions*,  it 
will,  as  we  have  seen  (§  (121),  ofl'or  no  resistance  at  all  to  this 
action,  except  of  course  by  its  own  inertia;  and  if  it  is  once 
set  to  rotate  thus  uniformly  with  any  angular  velocity,  great  or 
small,  it  would  continue  so  for  ever  were  the  elasticity  perfect, 
and  were  there  no  resistance  from  the  air  or  other  matter 
touching  the  axis. 

To  avoid  restricting  the  problem  by  any  limitation,  we  must 
suppose  the  wire  to  be  such  that,  if  twisted  and  bent  in  any 
way,  the  potential  energy  of  the  elastic  action  developed,  per 

•  In  thisj  case,  clearly  it  might  have  been  twisted  before  its  ends  were  put 
together,  without  altcruig  the  ciicular  form  taken  when  left  with  its  ends  joined. 
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unit  of  length,  is  a  quadratic  function  cf  the  twist,  and  two  com-  Rotation 
ponents  of  the  curvature  (SS  590,  595),  with  six  arbitrarily  given  elastic  cea- 

tr&l  circlB 

coefficients.     But  as  the  wire  has  no  twist*,  three  terms  of  this  of  a  straight 

.  wire  made 

function  disappear  in  the  case  before  us,  and  there  remain  only  into  a  hoop, 
three  terms, — those  involving  the  squares  and  the  product  of 
the  components  of  curvature  in  planes  perpendicular  to  two 
rectangular  lines  of  reference  in  the  normal  section  through 
any  point.  The  position  of  these  lines  of  reference  may  be 
conveniently  chosen  so  as  to  make  the  product  of  the  com- 
ponents of  curvature  disappear :  and  the  planes  perpendicular 
to  them  will  then  be  the  planes  of  maximum  and  minimum 
tlexural  rigidity  when  the  wire  is  kept  free  from  twist -f*.  There 
is  no  difficulty  in  applying  the  general  equations  of  §  614  to 
express  these  circumstances  and  answer  the  proposed  question. 
Leaving  this  as  an  analytical  exercise  to  the  student,  we  take  a 
shorter  way  to  the  conclusion  by  a  direct  application  of  the 
principle  of  energy. 

Let  the  potential  energy  per  unit  of  length  be  |(5k*+  CA.*), 
when  K  and  X  are  the  component  curvatures  in  the  planes  of 
maximum  and  minimum  flexural  rigidity:  so  that,  as  in  §  617, 
B  and  C  are  the  measures  of  the  flexural  rigidities  in  these 
planes.  Now  if  the  wire  be  held  in  any  way  at  rest  with  these 
planes  through  each  point  of  it  inclined  at  the  angles  ^  and 
■i-TT  — </>  to  the  plane  of  its  elastic  central  circle,  the  radius  of  this 

circle  being  r,  we  should  have  K  =  -cos(i),   A  =  -sin<i.     Hence, 
since  27rr  is  the  whole  length, 

E^ttI—  cos'<fi  +  -^sin"(^  j (1). 

•  "Which  we  have  supposed,  in  order  that  it  may  take  a  circular  form; 
although  in  the  important  case  of  equal  flexibiUty  in  all  directions  this  condition 
■would  obviously  be  fulfilled,  even  with  twist. 

t  When,  as  in  ordinary  cases,  the  wire  is  either  of  isotropic  material  (see  §  677 
below),  or  has  a  normal  axis  (§  596)  in  the  direction  of  its  elastic  central  line, 
flexure  wiU  produce  no  tendency  to  twist :  in  other  words,  the  products  of  twist 
into  the  components  of  curvature  will  disappear  from  the  quadratic  expressing 
the  potential  energj':  or  the  elastic  central  hue  is  an  axis  of  pure  torsion. 
But,  as  shown  in  the  text,  the  case  under  consideration  gains  no  simpUcity 
from  this  restriction. 
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notation  Let  US  now  suppose  every  infiniU-ly  small  part  of  the  wire  to 

elMticcon-  be  actofl  on  by  a  couple  in  the  normal  plane,  and  let  L  l>e  the 

of  ahtraielit  amount  of  this  couple  per  unit  of  length,  which  must  be  uniform 

into  a  hoop.  all  round  the  ring  in  order  that  the  circular  form  may  be  re- 

tained, and  let  this  couple  be  varied  so  that,  rotation  being  once 
commenced,  ^  may  increase  at  any  uniform  angular  velocity. 
The  equation  of  work  done  per  unit  of  time  (§§  240,  287)  is 

^      ^  .     dE     (IE  ■ 

And  therefore,  by  (1), 

_     B-C  .    ^       ^    B-C  .    ^. 
-L=  —-,—  sin  <f>cos<fi  =  -^  -,    sin  2<^, 

which  shows  that  the    couple    required   in  the  normal   plane 

through  every  point  of  the  ring,  to  hold  it  with  the  planes  of 

greatest  flexural  rigidity  touching  a  cone  inclined  at  any  angle, 

0,  to  the  plane  of  the  circle,  is  proportional  to  sin  2<^;  is  in  the 

direction    to  prevent   ^  from    increasing ;    and   when    ^  =  \'k, 

B  —  C 
amounts  to     ^_^    per  unit  length  of  the  circumference.     From 

this  we  see  that  there  are  two  positions  of  stable  equilibrium, 
— being  those  in  whicii  the  plane  of  least  flexural  rigidity  lies 
in  the  plane  of  the  ring ;  and  two  positions  of  unstable  equili- 
brium,— being  those  in  which  the  plane  of  greatest  flexural 
rigidity  is  in  the  plane  of  the  ring. 

ictaiion  624.     A  wire  of  uniform  flexibility  in  all  directions,  so  shajx-d 

ohll'tic'cen-  as  to  be  a  circular  arc  of  radius  a  when  free  from  stress,  is  bent 

onlhw^po'  ^'1'  ^^  ^"^3  meet,  and  these  are  joined  as  in  §  623,  so  that  the 

ni'lubieiniifi  whole  bccomcs  a  circular  ring  of  radius  7'.     It  is  required  to 

ii'a cinuiiir  find  thc  couple  which   will   hold  this   ring  turned  round  the 

strained,      central   curvc   through    any   angle  <f>  in  every  normal  section, 

from  the  ]K)sition  of  stable  equilibrium  (which  is  of  course  that 

in    which  the  naturally   concave  side   of  the  wire  is   on    the 

concave  side  of  the  ring,  the   natural  curvature   being   either 

increased  or  diminished,   but  not  reversed,  when  the   wire   is 

bent  into  the  ring).     Applying  the  principle  of  energy  exactly 

as  in  the  preceding  section,  we  find  that  in  this  case  the  couple 
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is  proportional  to  sin  d>,  and  that  when  6  =  hTr,  its  amount  per  Rotation 

t^     t'  y  7-        -     '  r       round  its 

.       Jj       .  „     -^    ,  ,       elastic  ceii- 

unit   of  length  of  the  circumference   is  — ,    n  B  denote  the  trai  circle, 

°  av  of  a  hoop  of 

wire  equally 

flexural  rigidity.  fle^^ie  in 

o         J  all  direc- 

For  in  this  case  we  have  the  potential  energy  circular 

■whun  un- 
( /■{        ]  \-        /I  \^\  / 1         •'>  1\  strained. 

^  = '^^^  lU  -  i:  ^^^  ^)   ^  (r  ^^•^  ^)  }  = '^^Ka- -  a-r  ^^^  ^  %-0  ^'^' 

and  X/  =  Tr i-7  = — sind) (6). 

•Inr  dff}      ar       ^  ^  ' 

If  every  part  of  the  ring  is  turned  half  round,  so  as  to  bring 
the  naturally  concave  side  of  the  wire  to  the  convex  side  of  the 
ring,  we  have  of  course  a  position  of  unstable  equilibrium. 

625.     A  wire  of  unequal  flexibility  in  different  directions  is  wireun- 

^  "^       .  .  .  equalljUex- 

formed  so  that,  when  free  from  stress,  it  constitutes  a  circular  ibleinditier- 

'  .  entdirec- 

arc  of  radius  a,  with  the  plane  of  greatest  flexural  rigidity  at  **^^^>j^* 
each  point  touching  a  cone  inclined  to  its  plane  at  an  angle  a.  ^P^^' 
Its  ends  are  then  brought  together  and  joined,  as  in  §§  623,  624,  ^^^^g^^i^^j; 
so  that  the  whole  becomes  a  closed  circular  ring,  of  any  given  ^.v  *J,aianc-^ 
radius  r.     It  is  required  to  find  the  changed  inclination,  (fy,  to  f/^Pgi'^jfg"^ 
the    plane    of  the  ring,   which  the  plane   of  greatest  flexural 
rigidity  assumes,  and  the  couple,  G,  in  the  plane  of  the  ring, 
which  acts  between  the  portions  of  matter  on  each  side  of  any 
normal  section. 

The  two  equations  between  the  components  of  the  couple 
and  the  components  of  the  curvature  in  the  planes  of  greatest 
and  least  flexural  rigidity  determine  the  two  unknown  quantities 
of  the  problem. 

These  equations  are 


£  ( -  cos  <f>  —  cos  a]  =  G  cos  4> 
\r       ^     a         J 

(1  1  V  r 

-  sin  d)  —  sin  a  )  =  (r  sin  <&  j 
raj  J 


.(^), 


since  -  cos  a  and  -  sin  a  are  the  components  of   natural    curva- 
a  a 

ture  in  the  principal  planes,  and  therefore  -  cos  <^  —  cos  a,  and 
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Wireun-  11  ,  ,  ,  i 

equ&lly  flex-  _  sin  <i  -     sin  a.  are  the  changes  from  the  natural  to  the  actual 

ibkindiffer-  r  a 

ent  ilin-c-  •        .       i  i         i  j- 

tions.  and  curvatures  in  these  planes  maintained  by  the  corresponding  corn- 
circular  ^  r^    ■       ,      c    \  y     r' 

whenun-  ponents  6r  COS  9  and  h  sin  9  01  the  couple  fr. 

straineil,  ^ 

bent  to  nn- 

othercircie       "phc  problcni,  SO  foT  OS  the  Dosition  into  which  the  wire  turns 

by  balaiir-  r  >  r 

L"''  li^^t'r  >"ound  its  elastic  central  curve,  may  be  solved  by  an  application 
iuends.      ^f  ^jjp  principle  of  energy,  comprehending  those  of  §§  623,  624 
as  particular  cases. 

Let  L  be  the  amount,  per  unit  of  length  of  the  ring,  of  the 
couple  which  must  be  applied  from  without,  in  each  normal 
section,  to  hold  it  with  the  plane  of  maximum  flexural  rigidity 
at  each  point  inclined  at  any  given  angle,  <^,  to  the  plane  of  the 
ring.  We  have,  as  before  (§§  G23,  624),  for  the  potential  energy 
of  the  elastic  action  in  the  ring  when  held  so, 


^  =  ^|/?(^<^^_^°^«^)Vc('-^>-^'^)} (5). 

Hence 

1  dE      \         fQO^^     cosa\sin</)        /sm<f>     sina\cos<^)    .„. 
~2Trrd^  ~  \         \    r  a   )     r  \    r  a    )     r    )'  ^  '' 

This  equated  to  zero  is  the  same  as  (4)  with  G  eliminated,  and 
determines  the  relation  between  <^  and  r,  in  order  that  the  ring 
when  altered  to  radius  r  instead  of  a  may  be  in  equilibrium  in 
it.self  (that  is,  without  any  application  of  couple  in  the  normal 
section).  The  present  method  has  the  advantage  of  facilitating 
the  distinction  between  the  solutions,  as  regards  stability  or  insta- 
bility of  the  equilibrium,  since  (§  291)  for  stable  equilibrium 
E  \s  B.  minimum,  and  for  unstable  equilibrium  a  maximum. 

As  a  i)articular  case,  let  C=  00  ,  which  simplities  the  problem 
very  much.  The  terms  involving  C  as  a  factor  in  (5)  and  (6) 
become  nugatory  in  this  case,  and  require  of  couree  that 

sin  ^      sina_^ 
r  a 

But  the  former  method  is  clearer  and  better  for  the  present  case; 
as  this  result  is  at  once  given  by  the  second  of  etjuations  (4) ;  and 
then  the  value  of  G,  if  required,  is  found  from  the  lirst  We 
conclude  what  is  slated  in  the  following  section:  — 
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626.  Let  a  uniform  hoop,  possessing  flexibility  only  in  one  conicai 
tangent  plane  to  its  elastic  central  line  at  each  pointy  be  given,  developable 

Til  1  /p        •  1  surface. 

SO  shaped  that  when  under  no  stress  (tor  instance,  when  cut 
through  in  any  normal  section  and  uninfluenced  by  force  from 
other  bodies)  it  rests  in  the  form  of  a  circle  of  radius  a,  with 
its  planes  of  inflexibility  all  round  touching  a  cone  inclined 
to  the  plane  of  this  circle.  This  is  very  nearly  the  case  with 
a  common  hoop  of  thin  sheet-iron  fitted  upon  a  conical  vat, 
or  on  either  end  of  a  barrel  of  ordinary  shape.  Let  such  a 
hoop  be  shortened  (or  lengthened),  made  into  a  circle  of  radius 
a  by  riveting  its  ends  together  (§  623)  in  the  usual  way,  and 
left  with  no  force  acting  on  it  from  without.  It  will  rest  with 
its  plane  of  infl.exibility  inclined  at  the  angle  ^  =  sin~^  (?'sin  a/a) 
to  the  plane  of  its  circular  form,  and  the  elastic  couple  acting 
in  this  plane  between  the  portions  of  matter  on  the  two  sides 
of  any  normal  section  will  be 

^        B     /cos  <h      cos  a 
COS  (p\     r  a 

These  results  we  see  at  once,  by  remarking  that  the  component 
curvature  in  the  plane  of  inflexibility  at  each  point  must  be 
invariably  of  the  same  value,  sin  a/a,  as  in  the  given  unstressed 
condition  of  the  hoop  :  and  that  the  component  couple,  G  cos  (jy, 
in  the  plane  perpendicular  to  that  of  inflexibility  at  eacli 
point,  must  be  such  as  to  change  the  component  curvature  in 
this  plane  from  cos  ot/a  to  cos  ^/r. 

The  greatest  circle  to  which  such  a  hoop  can  be  changed  is 
of  course  that  whose  radius  is  a/sin  a :  and  for  this  ^  =  ^tt,  or  the 
surface  of  inflexibility  at  each  point  (the  surface  of  the  sheet- 
metal  in  the  practical  case)  becomes  the  plane  of  the  circle: 
and  therefore  G  =  x  ,  showing  that  if  a  hoop  approaching 
infinitely  nearly  to  this  condition  be  made,  in  the  manner  ex- 
plained, the  internal  couple  acting  across  each  normal  section 
will  be  infinitely  great,  Avhich  is  obviously  true. 

627.  Another  very  important  and  interesting  case  readily 
dealt  with  by  a  method  similar  to  that  which  we  have  applied 
to  the  elastic  wire,  is  the  equilibrium  of  a  plane  elastic  j^late 
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Flexure  of  a  bent  to  a  shape  differing  infinitely  little  from  the  plane,  by  any 
piat«.*^  *" ''^  forces  subject  to  certain  conditions  stated  below  (§  632).     Some 

definitions  and  preliminary  considerations  may  be  conveniently 

taken  first. 

i^fiiiitions.       (1)     A  surface  of  a  solid  is  a  surface  passing  through  always 
the  same  particles  of  the  solid,  however  it  is  strained. 

(2)  The  middle  surface  of  a  plate  is  the  surface  passing 
through  all  those  of  its  particles  which,  when  it  is  free  from 
stress,  lie  in  a  plane  midway  between  its  two  plane  sides. 

(3)  A  normal  section  of  a  plate,  or  a  surface  normal  to  a 
plate,  is  a  surface  which,  when  the  plate  is  free  from  stress, 
cuts  its  sides  and  all  planes  parallel  to  them  at  right  angles, 
being  therefore,  when  unstrained,  necessarily  either  a  single 
plane  or  a  cylindrical  (or  prismatic)  surface. 

(4)  The  deflection  of  any  point  or  small  |)art  of  the  plate,  is 
the  distance  of  its  middle  surface  there  from  the  tangent  plane 
to  the  middle  surface  at  any  conveniently  chosen  point  of 
reference  in  it. 

(5)  The  inclination  of  the  plate,  at  any  point,  is  the  inclina- 
tion of  the  tangent  plane  of  the  middle  surface  there  to  the 
tangent  plane  at  the  point  of  reference. 

(6)  Tlie  cui^ature  of  a  plate  at  any  point,  or  in  any  part,  is 
the  curvature  of  its  middle  surface  there. 

(7)  In  a  surface  infinitely  nearly  plane  the  curvature  is  said 
•  to  be   uniform,  if  the  curvatures  in  every  two  parallel  normal 

sections  are  equal. 

(8)  Any  diameter  of  a  plate,  or  distance  in  a  plate  infinitely 
nearly  plane,  is  called  finite,  unless  it  is  an  infinitel)-  great  mul- 
tiple of  the  least  radius  of  curvature  multiplied  by  the  greatest 
inclination. 

lieometricai  Choosing  XOY  OS  the  tangent  plane  at  the  point  of  reference, 

imrio*.  let  (x,  y,  z)  be  any  point  of  its  middle  surface,  i  its  inclination 

there,  and  -  its  curvature  in  a  normal  section   through    that 
r 


627.]  STATICS.  171 

point,  inclined  at  an  angle  (f>  to  ZOX.     We  have  Geometrical 


tan  i 


^V(£^f) «■ 


1  lanes. 


.(0). 


and,  if  »  be  infinitely  snmll, 

To  prove  these,  let  f,  17,  ^  be  the  co-ordinates  of  any  point  of  the 
surface  infinitely  near  (a;,  y,  «).  Then,  by  the  elements  of  the 
differential  calculus, 

Let  i  =  P  cos  ^,     ^  =  p  sin  <^, 

so  that  we  have 

^  =  ^p  +  i-Sp^  where  A  =  -7-  cos  A  +  -^—  sin  <i 

aa3  ay 

and   B  =  — ,  cos  0  +  z  — — —  sm  ^  cos  </>  +  -^  sm  <;^ 

Then  by  the  formula  for  the  curvature  of  a  plane  curve  (§  9), 

17?  1 

_  _ or,  as  A  is  infinitely  small,  -  =  B. 

r     (l+A'-)^  ^  'r       * 

and  thus  (2)  is  proved. 

It  follows  that  the  surface  represented  by 

z  =  ^{Ax'+2cxy  +  £y) (4), 

is  a  surface  of  uniform  curvature  if  A,  B,  c  be  constant  through- 
out the  admitted  range  of  values  of  (x,  y) ;  these  being  limited 
by  the  condition  that  Ax-\-cy,  and  cx  +  By  must  be  everywhere 
infinitely  small. 

628.  When  a  plane  surface  is  bent  to  any  other  shape  than 
a  developable  surface  (§  139),  it  must  experience  some  degree 
of  stretching  or  contraction.  But  an  essential  condition  for  the 
theory  of  elastic  plates  on  which  we  are  about  to  enter,  is  that 
the  amount  of  the  stretching  or  contraction  thus  necessary  in 
the  middle  surface  is  at  most  incomparably  smaller  than  the 
stretching  and  contraction  of  the  two  sides  (§  141)  due  to  cur- 
vature.    It  will  be  shown  in  §  629  that  this  condition,  if  we 
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exclude  the  case  of  bending  into  a  surface  diflfering  infinitely 
little  from  a  developable  surface,  is  ecjiiivaleut  to  the  fol- 
lowing : — 

Limitation        The   defiectioTi    [§   G27    Def.    (4)]   is,   at   all  places  finitely 
nottoirani.v  [§   G27  Dcf.   (8)1  distant  from  the  point   of  reference,   incom- 

a  stretching  "-^  „  ,  ,        /•   ,  J         J 

of  middle     paraolu  Smaller  than  the  thiclcness. 

surface  '■  ^ 

w°tiuiml"of      And  if  we  extend  the  signification  of  "  deflection  "  from  that 
either  side.   ^]^.gjjQ^]  j^  ^4,^  ^f  g  (527^  to  distance  from  some  true  developable  sur- 
face, the  excluded  case  is  of  course  brought  under  the  statement. 

Although  the  truth  of  this  is  obvious,  it  is  satisfactory  to 
prove  it  by  investigating  the  actual  degrees  of  stretching  and 
contiaction  referred  to. 

stretchiiiir        629.     Lct  US  supposc  a  <rivcn  plane  snrfiice  to  be  bent  to 

ofnplaiieby  ip-i  ,• 

eynciastic     s  >me  curvcd   tomi  Without   any   stretchinor   or  contractinor  of 

orniitidas-  .  /  ■  c-    •       r>.  t     1         ■ 

ticneiure.  liucs  radiating  from  some  particular  point  of  it,  0;  and  let  it 
be  required  to  find  the  stretching  or  contraction  in  the  cir- 
cumference of  a  circle  described  from  0  as  centre,  with  any 
radius  a,  on  the  unstrained  plane.  If  the  stretching  in  each 
part  of  the  circumference,  and  not  merely  on  the  whole,  is  to  be 
found,  something  more  as  to  the  mode  of  the  bending  must  be 
specified ;  which,  for  simplicity,  in  the  first  place,  we  shall 
suppose  to  be,  that  any  point  P  of  the  given  surface  moves  in 
a  plane  perpendicular  to  the  tangent  plane  through  0,  during 
the  straining. 

Let  a,  0  be  polar  co-ordinates  of  P  in  its  primitive  position, 
and  r,  0  those  of  the  projection  on  the  tangent  plane  through  0, 
of  its  position  in  the  bent  surface,  and  let  z  be  the  distance  of 
tliis  position  from  the  tangent  j^hine  through  0.  An  element, 
add,  of  the  unstrained  circle,  becomes 

on  the  bent  surface;  and,  therefore,  for  the  stretching*  of  this 
element  we  have 


•  Ratio  of  the  elongation  to  the  unstretched  length. 
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Hence  if  e  denote  the  ratio  of  the  elongation  of  the  whole  cir-  Stretching 

11  1  •  of  aplaneby 

cnmference  to  its  unstretched  length,  or  the  mean  stretching  of  synciastic 

or  anticlas- 

the  circumference,  tic  flexure. 

where  we  must  suppose  z  and  r  known  functions  of  6.  Confining 
ourselves  now  to  distances  from  0  within  which  the  curvature 
of  the  surface  is  sensibly  uniform,  we  have 

3  =  —  ,  and  r  =  p  sin  -  =  «(l— |--2  +  etc.  J  (3), 

if  p  be  the  radius  of  curvature  of  the  normal  section  through  0 
and  P:  and,  if  we  take  as  the  zero  line  for  6  that  in  which  the 
tangent  plane  is  cut  by  one  of  the  principal  normal  planes  (§  130), 


1       1        ,. 
-  =-  cos^  + 

P       p.  P: 


-  sin^^  =  i('-  +  -V*f-  --Vos2^---{^), 
\  "^  Vp,     P^/      "  \P,     P,/ 


where  p, ,  p,  are  the  principal  radii  of  curvature.  Hence  the 
term  drja^cW'  under  the  radical  sign  disappears  if  we  include  no 
terms  involving  higher  powers  than  the  first,  of  the  small  fraction 
a*/p^  ;  and,  to  this  degree  of  approximation 

.  ^  (l  _  1  ^  +  «^  f  i  _  ly  sin^e  cos^^l*-  1  =  -  1  ^  +  ^71  -  ly  sin^^  cos^^, 
I       >■        \P,     Pj  )  P"     2  Vp,     p,y 

or,  by  (4),  and  reductions,  finally 
Using  this  in  (2)  we  find 


a' 


The  whole  amount  of  stretching  thus  expressed  will,  it  follows 
from  (5),  be  distributed  uniformly  through  the  circumference,  if, 
instead  of  compelling  each  point  P  to  remain  in  the  plane  through 
0,  perpendicular  to  XOY,  we  allow  it  to  yield  in  the  dii-ection 
of  the  circumference  through  a  space  equal  to 

From  (6)  we  conclude  that 
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strptchinp;        630.     If  a  plane  area  be  bent  to  a  unifortn  degree  of  curva- 

of  a  plane  -^  .  o 

byBvndas-  tuie  thiout,Miout,  without  any  stretching  in  any  radius  through 

ticoraiiti-  ...  ® 

clastic  a  certain  point  of  it,  and  with  uniform  stretching  or  contraction 
over  the  circumference  of  every  circle  described  from  the  same 
point  as  centre,  the  amount  of  this  contraction  (reckoned 
negative  where  the  actual  etfect  is  stretcliing)  is  equal  to  the 
ratio  of  one-sixth  of  the  square  of  the  radius  of  the  circle,  to 
the  rectangle  under  the  maximum  and  miuimum  radii  of  cur- 
vature of  normal  sections  of  the  surface ;  or  which  is  the  same 
thing,  the  ratio  of  two-thirds  of  the  rectangle  under  the  maxi- 
mum and  minimum  deflections  of  the  circumference  from  the 
tangent  plane  of  the  surface  at  the  centre,  to  the  square 
of  the  radius;  or,  which  is  the  same,  the  ratio  one-third  of 
the  maximum  deflection  to  the  maximum  radius  of  curva- 
ture. 

If  the  surface  thus  bent  be  the  middle  surface  of  a  plate  of 
uuifurm  thickness,  and  if  each  line  of  particles  perpendicular 
to  this  surface  in  the  unstrained  plate  remain  perpendicular  to 
it  when  bent,  the  stretching  on  the  convex  side,  and  the  con- 
traction on  the  concave  side,  in  any  normal  section,  is  obviously 
equal  to  the  ratio  of  half  the  thickness,  to  the  radius  of  curva- 
ture. The  comparison  of  this,  with  the  last  form  of  the  pre- 
ceding statement,  proves  that  the  second  of  the  two  conditions 
stated  in  §  028  secures  the  fulfilment  of  the  first 

strctchiiiK        631.     If  a  surface  already  bent  as  specified,  be  again  bent  to 
surfm-oTy    a  different  shaj^e  still  fulfilling  the  prescribed  conditions,  or  if 
ri'iimii'iiK      a  surface  given  curved  be  altered  to  any  other  shape  by  bend- 
condition,    ing   according   to   the   same   conditions,   the   contraction    pro- 
duced  in  the  circumferences  of  the  concentric  circles  by  this 
bending,  will  of  course  be  equal  to  the  increment  in  the  value 
of  the  ratio  stated  in  the  preceding  section.     Hence  if  a  curved 
surface  be  bent  to  any  other  figure,  without  stretching  in  any 
part  of  it,  the  rectangle  under  the  two  principal  radii  of  curva- 
r,aus8's       tiii'c  at  every  point  remains  unchanged.     This  is  Gauss's  cele- 
nj^nVing     bratcd   theorem  regarding  the  bending  of  curved  surfaces,  of 
which  we  gave  a  more  elementary  demonstration  in  our  intro- 
ductory Chapter  (see  §§  138,  150). 
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632.  Without  further  preface  we  now  commence  the  theory  Limitations 
of  the  flexure  of  a  plane  elastic  plate  with  the  promised  (§  62/)  forces  and 
statement  of  restrictins:  conditions.  P^  admitted 

'^  in  elemen- 

tary theory 

(1)  Of  the  forces  applied  from  without  to  any   part  of  the  of  elastic 
plate,  bounded  by  a  normal  surface  [§  627  (3)],  the  components 
parallel  to  any  line  in  the  plane  of  the  plate  are  either  evan- 
escent or  are  reducible  to  couples.     In  other  words  the  algebraic 

sum  of  such  components,  for  any  part  of  the  plate  bounded  by 
a  normal  surface,  is  zero. 

(2)  The  principal  radii  of  curvature  of  the  middle  surface  are 
everywhere  infinitely  great  multiples  of  the  thickness  of  the 
plate. 

(3)  The  deflection  is  nowhere,  within  finite  distance  from  the 
point  of  reference,  more  than  an  infinitely  small  fraction  of  the 
thickness.  This  condition  has  a  definite  meaning  for  an  infi- 
nitely large  plate,  which  may  be  explained  thus  : — it  would  be 
necessary  to  go  to  a  distance  equal  to  a  large  multiple  of  the 
product  of  the  least  radius  of  curvature  into  the  greatest  incli- 
nation, to  reach  a  place  where  the  deflection  is  more  than  a 
very  small  fraction  of  the  thickness  of  the  plate.  The  conside- 
ration of  this  condition,  is  of  great  importance  in  connection 
with  the  theory  of  the  propagation  of  waves  through  an  infi 
nite  plane  elastic  plate,  but  scarcely  belongs  to  our  present 
subject. 

(4)  Neither  the  thickness  of  the  plate  nor  the  moduluses  of 
elasticity  of  its  substance  need  be  uniform  throughout,  but  if 
they  vary  at  all  they  must  vary  continuously  from  place  to 
place ;  and  must  not  any  of  them  be  incomparably  greater  in 
one  place  than  in  another  within  any  finite  area  of  the  plate. 

633.  The  general  theory  of  elastic  solids  investigated  later  Results  of 
shows  that  when  these  conditions  are  fulfilled  the  distribution  thwry 
of  strain  through  the  plate  possesses  the  following  properties,  advance. 
the  statement  of  which  at  present,  although  not  necessary  for 

the  particular  problem  on  which  we  are  entering,  will  promote 
a  thorough  understanding  and  appreciation  of  the  principles 
involved. 


170 


ABSTRACT   DYNAMICS. 


[033. 


Besuitsof         (])     The  stretching  of  any  part  of  the  middle  surface  is  in- 
theory         tinitelv  Small  in  comparison  with  that  of  either  side,  in  every 

8tnt<'d  in  «     ,  ,  i  i  •      /•     • 

advaiice.      part  of  thc  plate  where  the  curvature  is  nuite. 

(2)  The  particles  in  any  straight  line  perpendicular  to  the 
plate  when  plane,  remain  in  a  straight  line  perpendicular  to 
the  curved  surfaces  into  which  its  sides,  and  parallel  planes  of 
the  substance  between  them,'  become  distorted  when  it  is  bent. 
And  hence  the  curves  in  which  these  surfaces  are  cut  by  any 
plane  through  that  line,  have  one  point  in  it  f«jr  ceutre  of  curva- 
ture of  them  all. 

(3)  The  whole  thickness  of  the  plate  remains  unchanged,  at 
every  point ;  but  the  half  thickness  on  one  side  (which  when 
the  curvature  is  synclastic  is  the  convex  side)  of  the  middle 
surface  becomes  diminisiied  and  on  the  other  side  increased,  by 
equal  amounts  comparable  with  the  elongations  and  shorten- 
ings of  lengths  equal  to  the  half  thickness,  measured  on  the 
two  side  surfaces  of  the  plate, 

634.  The  conclusions  from  the  general  theory  on  which  we 
shall  found  the  equations  of  equilibrium  and  motion  of  an 
elastic  plate  are  as  follows : — 

Uwsfor  Let  a  naturally  plane   ])late  be  bent  to  any  surface  of  uni- 

ebL"!^ plate  form  curvaturo  [§  (527  (7)]  throughout,  the  applied  forces  and 
advlmcu.'"  the  extents  of  displacement  fuhilliug  the  conditions  and  restric- 
tions of  §032:   Then— 

(1)  The  force  across  any  section  of  the  plate  is,  at  each 
point  of  it,  in  a  hne  parallel  to  the  tangent  plane  to  the  middle 
surface  in  the  neighbourhuod. 

(2)  The  forces  across  any  set  of  parallel  normal  sections  are 
equally  inclined  to  the  directions  of  the  normal  sections  at  all 
points  (that  is  to  say,  are  in  directions  which  would  be  parallel 
if  the  plate  were  bent,  and  which  deviate  actually  from  parallel- 
ism only  by  the  infinitely  small  deviations  produced  in  the 
normal  sections  of  the  flexure), 

(3j     The  amounts  of  force  across  one  normal  section,  or  any 
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set  of  parallel  normal  sections,  on  equal  infinitely  small  areas,  Laws  for 
are  simply  proportional  to  the  distances  of  these  areas  from  the  eil^tYc  plate 

•  111  /•  n  .1         1    ,  assumed  in 

middle  surface  oi  the  pJate.  advance. 

(4)  The  component  forces  in  the  tangent  planes  of  the  nor- 
mal sections  are  equal  and  in  dissimilar  directions  in  sections 
which  are  perpendicular  to  one  an- 
other. For  proof,  see  §  G61.  The 
meaning  of  "  dissimilar  directions  " 
in  this  expression  is  explained  by 
the  diagram;  where  the  arrow-heads 
indicate  the  directions  in  which 
the  portions  of  matter  on  the  two 
sides  of  each  normal  section  would 
yield  if  the  substance  were  actually 

divided,  half  way  through  the  plate  from  one  side,  by  each  of 
the  normal  sections  indicated  by  dotted  lines. 

(5)  By  the  law  of  superposition,  we  see  that  if  the  applied 
forces  be  all  doubled,  or  altered  in  any  other  latio,  the  curva- 
ture in  every  normal  section,  and  all  the  internal  forces  specified 
in  (1),  (2),  (3),  (4),  are  changed  in  the  same  ratio ;  and  the 
potential  energy  of  the  internal  forces  becomes  changed  accord- 
ing to  the  square  of  the  same  ratio. 

635.  From  §  634  (3)  it  follows  immediately  that  the  forces 
experienced  by  any  portion  of  the  plate  bounded  by  a  normal 
section  through  the  circumference  of  a  closed  polygon  or  curve 
of  the  middle  surface,  from  the  action  of  the  contiguous  matter 
of  the  plate  all  round  it,  may  be  reduced  to  a  set  of  couples 
by  taking  them  in  groups  over  infinitely  small  rectangles 
into  which  the  bounding  normal  section  may  be  imagined  as 
divided  by  normal  lines.  From  §  634  (2)  it  follows  that  the 
distribution  of  couple  thus  obtained  is  uniform  along  each 
straight  portion,  if  any  there  is,  of  the  boundary,  and  equal 
per  equal  lengths  in  all  parallel  parts  of  the  boundary. 


stress- 
couple  act- 
ing arross 
a  normal 
section. 


636.     From  §  634  f4)  it  follows  that  the  component  couples 
round  axes  perpendicular  to  the  boundary  are  equal  in  parts 
of  the    boundary  at  right   angles  to    one  another,  and    are  in 
VOL.  IL  12 


Twisting 
componeiiU 
proved 
equal  rouid 
any  two  per- 
pendicular 
axes. 
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directions  related  to  one  another 
in  the  manner  indicated  by  the 
circular  arrows  in  the  diagram ; 
that  is  to  say,  in  such  directions 
that  if  the  axis  is,  accordinj;  to 
the  rule  of  §  234,  drawn  outwards 
from  the  portion  of  the  plate 
under  consideration,  for  one  point 
of  the  boundary  it  must  be  drawn 

inwards  for  every  point  where  the  boundary  is  perpendicular  to 

its  direction  at  that  point. 


l*rincipal 
axes  of 
bending 
■tress. 


637.  We  may  now  prove  that  there  are  two  normal  sections, 
at  right  angles  to  one  another,  in  which  the  component  couples 
round  axes  perpendicular  to  them  vanish,  and  that  in  these 
sections  the  component  couples  round  axes  coincident  with  the 
sections  are  of  maximum  and  minimum  values. 


Trincipal 
•xos  of 
)>ending 
stress  in« 
vestiKated. 


CpX" 


Let  OAB  be  a  riglit-augled  triangle  of  the  plate.    Let  A  and  n 
Y  be  the  two  com- 

ponent couples 
acting  on  the 
side  OA ;  K  and 
n  those  on  the 
side  C^;  and  (? 
und  U  those  on 
the  side  AB ; 
the  amount  of 
each  couple  be- 
ing reckoned  per 
'  unit   of   length 

of  the  side  on  which  it  acts,  and  the  axes  and  directions  of  the 
several  couples  being  as  indicatetl  by  the  circular  arrows  when 
each  is  reckoned  as  positive.  Then,  \i  AB=a,  and  BAO  =  4>,  the 
whole  amounts  of  the  couples  on  the  three  sides  are  respectively 

Aa  cos  ^,  ria  com  <^, 
Kasin«^,  Ilasin^, 
Ga,  Ha. 


637.]  STATICS.  179 

Resolving  the  two  latter  round  OX  and  0  F,  we  have  Principal 

axes  of 

Ga  cos  i^-Ea  sin  <^  round  OX,  \uS%L 

.  vestigated. 

and  Ga  sin  <^  +  Ha  cos  <^      „       OY. 

But  if  the  portion  in  question,  of  the  plate,  wei'e  to  become  rigid, 
its  equilibrium  would  not  be  disturbed  (§  564);  and  therefore 
we  must  have 

Ga  cos  0  -  Ha  sin  </>  =  Aa  cos  <^  +  Ha  sin  ^  by  couples  round  OX  \ 

and  i  (1). 

6^asin^ +  5'acos^  =  Kasin<^  +  nacos^  „  „         OY) 

From  these  we  find  immediately 

G  =  S.  cos*^  +  'iW  sin  ^  cos  <^  +  K  sin^^,       \ 
^=(K-A)sin<^cos<^  +  n(cos'<^-sin'</))  j  ^  ^' 

Hence  the  values  of  ^,  which  make  H  vanish,  give  to  G  its 
maximum  and  minimum  values,  and  being  determined  by  the 
equation 

'^"2*=-j(^xy (3), 

differ  from  one  another  by  ^tt. 

A  modification  of  these  formulae,  which  we  shall  find  valuable, 
is  obtained  by  putting 

2  =  HK  +  A),     0  =  ^(K-A) .....(4). 

This  reduces  (2)  to 

(r  =  2  4- n  sin  2<^  -  0  cos  2<^  j 

Zr=        ncos2<^  +  0sin2<^J   ^^^' 

which  again  become 


'O- 


G^  =  S  +  ficos2((^-a)| 
5'=-Osin2(<^-a)     J  ^  '' 

where  a  [being  a  value  of  <^  given  by  (3)],  and  O  are  taken  so 

that  n  =  Osin2a,     0  =  -ncoS2a,  1 

.  J  (0- 

so  that,  of  course,         O  =  (n*+  0°)*  J 

This  analysis  demonstrates  the  following  convenient  synthesis  of 
the  whole  system  of  internal  force  in  question : — 

12—2 
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synciastic  638.  The  action  experienced  by  each  part  of  the  plate,  in 
clastic  virtue  of  the  internal  forces  between  it  and  the  surroundinfr 
lined.  contiguous  matter  ot  the  plate,  being  called  a  stress  [in  accord- 

ance with  the  general  use  of  this  term  defined  below  (§  658)], 
may  be  regarded  as  made  up  of  two  distinct  elements — (1)  a 
synciastic  stress,  and  (2)  an  anticlastic  stress;  as  we  shall  call 
them. 

(1)  Synciastic  stress  consists  of  equal  direct  bending  action 
round  every  straight  line  in  the  plane  of  the  plate.  Its  amount 
may  be  conveniently  regarded  as  measured  by  the  amount,  S, 
of  the  mutuid  couple  between  the  portions  of  matter  on  the  two 
sides  of  any  straight  normal  section  of  unit  length.  Its  eft'ect 
would  be  to  produce  equal  curvature  in  all  normal  sections 
(that  is  to  say,  a  spherical  figure)  if  the  plate  were  equally 
flexible  in  all  directions. 

Anticlastic       (2)     Aiiticlastic  strcss  consists  of  two  simple  bending  stresses 

stress  rp-  /.,  .  ....  i 

f.>rred  to  its  of  e(|ual   amouuts    in  opposite   directions   round   two  sets    of 

principal  ,  .  .  . 

ax«;  parallel   straight   lines   perpendicular   to   one   another   in   the 

plane  of  the  plate.  Its  effect  would  be  unifttrm  anticlastic 
curvature,  with  equal  convexities  and  concavities,  if  the  plate 
were  equally  flexible  in  all  directions.  Its  amount  is  reckoned 
as  the  amount,  CI,  of  the  mutual  couple  between  the  portions 
of  matter  on  the  two  sides  of  a  straight  normal  section  of  unit 
length,  parallel  to  either  of  these  two  sets  of  lines.  It  gives 
lise  to  couples  of  the  same  amount,  H,  between  the  portions  of 

r»-fcrredt«    matter  on  each  side  of  a  normal  section  of  unit  length  parallel 


cinpdic)      to  either  of  the  sets  of  lines  bisecting  the  right  angles  between 

those ;   but  the  couples  now  referred 

j  to   are   in  the  plane   of  the   normal 

^— t-^  '  section   instead    of    peq>ondicular  to 

it.  This  is  proved  and  illustrated 
by  the  annexed  diagram,  represent- 
ing [a  particular  case  of  the  diagram 
and  equations  (1)  of  §  G37]  the  equi- 
librium of  an  isosceles  right-angled 
triangle  under  the  influence  of  couples^ 
each  equal  to  0^1,  applied  to  it  round  axes  coinciding  with 


A 
j 

\^ 

i 

X 

J 

if 

\ 

< 


\] 
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its  legs,  and  a  third  couple,  £1  round  an  axis  perpendicular  to 
its  hypotenuse. 

If  two  pairs  of  rectangular  axes,   each  bisecting  the  riglit  Octantai  re- 
angles  formed  by  the  other,  be  chosen  as  axes  of  reference,  an  composition 
anticlastic  stress  having  any  third  pair  of  rectangular  lines  for  tic  stress. 
its  axes  may,  as  the  preceding  formulae  [§  637   (5)]  show,  be 
resolved  into  two  having  their  axes  coincident   with  the  two 
pairs  of  axes  of  reference  respectively,  by  the  ordinary  cosine 
formula  v/ith  each  angle  doubled.     Hence  it  follows  that  any 
two  anticlastic  stresses  may  be  compounded  into  one  by  the  Construc- 
sarae  geometrical  construction  as  the  parallelogram  of  forces,  raiieiogram. 
made  upon  lines  inclined  to  one  another  at  an  angle  equal  to 
twice  that  between  the  corresponding  axes  of  the  two  given 
stresses ;   and  the  position  of  the   axes  of  the  resultant  stress 
will  be  indicated  by  the  angles  of  this  diagram  each  halved. 

639.  Precisely  the  same  set  of  statements  are  of  course  Gpometricai 
applicable  to  the  curvature  of  a  surface.  Thus  the  proposition  ^"''  °^"^*" 
proved  in  §  637  (3)  for  bending  stresses  has,  for  its  analogue 
in  curvature,  Euler's  theorem  proved  formerly  in  §  130  ;  and 
analogues  to  the  series  of  definitions  and  propositions  founded 
on  it  and  derived  from  it  may  be  at  once  understood  without 
more  words  or  proof. 

Let  Z  =  \{Kx''+2wxy  +  \7f)     (1)        Twocylin- 

drical  cur- 
be  the  equation  of  a  curved  surface  infinitely  near  a  point  0  at  ^"at"'rs 

which  it  is  touched  by  the  plane  YOX.     Its  curvature  may  be  pendicubr 

,         ,  axes,  and  an 

regarded  as  conipounded  of  a  cylindrical  cui'vature,  X,  with  axis  anticlastic 
parallel  to  OX,  a  cylindrical  curvature,  k,  with  axis  parallel  to  round  axis 

.  ,  .         .  ,      bisecting 

OY,  and  an   anticlastic  curvature,  tzr,  with  axis  bisecting  the  their  right 

rmsIbs  * 

angles  XOY,  YOX'.  Thus,  if  zu  and  X  each  vanished,  the  surface 
would  be  cylindrical,  with  l//c  for  radius  of  curvature  and  gene- 
rating lines  pai-allel  to  OY.  Or,  if  k  and  X  each  vanished,  there 
would  be  anticlastic  curvature,  with  sections  of  equal  niaximun^. 
curvature  in  the  two  directions,  bisecting  the  angles  XOY  and 
YOX',  and  radius  of  curvature  in  those  sections  equal  to  l/cr. 

If  now  we  put 

a=h{K  +  X),  ^  =  h{K-\) (2), 


or  a  sphpri- 
cal  cunii- 
ture  and 
two  anti- 
clastic  car- 
ratures; 


or  B  spberi- 
cfti  and  one 

anti(<la.stic 
curvature. 


Work  done 
in  )>ending. 
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the  equation  of  tho  surface  becomes 

z=Ji{<T{af  +  r)  +  b{a^-y')-^2mxy) (3); 

or,  if  x  =  rcos(f>,  y  =  r.sin0,  ) 

z  -  i{o-  +  ^cos  2(j>  +  wain  2<^}r*y ^  '' 

or,  lastly,  a  =  ^  {(r  + ojcos  2  (<^- a)}?-*,) 

b  =  <ii  cos  2a,  nr  =  (Dsin2a     j ^"^ '' 

In  these  formulae  a  measures  the  spherical  curvature;  and  S^  anil 
VT  two  components  of  anticlastic  curvature,  referred  to  the  pair 
of  axes  X'X,  YYy  and  the  other  pair  bisecting  their  angles.  The 
ret^ultant  of  ^  and  ct  is  an  anticlastic  curvature  <i>,  with  axes  in- 
clined, in  the  angle  XOY  at  angle  a  to  OX,  and  in  YOX'  at 
angle  a\jo  OY. 

640.  The  notation  of  §§  637,  639  being  retained,  the  work 
done  on  any  area  A  of  the  plate  experiencing  a  change  of  cur- 
vature {Zk,  B\,  8«t)  under  the  action  of  a  stress  (K,  A,  IT),  is 

(K8K  +  A8X  +  2n8:r).I (1); 

or  (228<r+208c^+21l6a7).l (2), 

if,  as  before, 

2  =  |(K  +  A),  0  =  |(K-A),  (r  =  i(K  +  X),  ^-|(k-X)...{3). 

Let  PQP'Q'  be  a  rectangular  portion  of  the  plate  with  its 
centre  at  0,  and  its  sides  Q'P,  P'Q  parallel  to  OX,  and  Q'P',  PQ 
parallel  to  OF.      If 

«  =  ^  (kx*  +  2^xij  +  Xy*) 

be  the  equation  of  the  curved  svirface,  we  have 

dz  dz  . 

and  therefore  the  tangent  plane  at  (x,  y)  deviates  in  direction 
Irbm  XOY  by  an  infinitely  small  rotation 

KX  + cry  roinid  0}') 
and  wx+Xij      ,,       0X\ ^  '* 

Hence  the  rotation  from  XOY  to  the  mean  tangent  plane  for  all 
points  of  the  side  PQ  or  Q'F  is 

=F|<?T.Kruuud  OY, 
and  ^\Q'P.z:     „      OX. 
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Hence  if  the  tangent  plane,  XOY,  at  0  remains  fixed,  while  the  work  done 
cui'vature  changes  from  (k,  z?,  \)  to  (k  +  8k,  -m  +  Sot,  X  +  8X),  the  '"*' 

work  done  by  the  couples  PQ .  K  round  OY,  and  PQ .  II  round 
OX,  distributed  over  the  side  PQ,  will  be 

lQ'P.PQ.{K.hK  +  mw), 

and  an  equal  amount  will  be  done  by  the  equal  and  opposite 
couples  distributed  over  the  side  Q'P'  undergoing  an  equal  and 
opposite  rotation.  Similarly,  we  find  for  the  whole  work  done 
on  the  sides  P'Q  and  Q'P, 

PQ.Q'P.(n8m  +  A8X). 

Hence  the  whole  work  done  on  all  the  four  sides  of  the  rectangle 
is  PQ.Q'P.{K8K  +  2mz^  +  A8\): 

whence  the  proposition  to  be  proved,  since  any  given  area  of  the 
plate  may  be  conceived  as  divided  into  infinitely  small  rectangles. 
It  is  an  instructive  exei'cise  to  verify  the  result  by  beginning 
with  the  consideration  of  a  portion  of  plate  bounded  by  any 
given  curve,  and  using  the  expressions  (1)  of  §  637,  by  which 
we  find,  for  the  couples  on  any  infinitely  short  portion,  ds,  of  its 
boundary,  specified  in  position  by  {x,  y), 

f-A^'  +  n^^c^^  roundOX 

^        f  t  I (5). 

and  (Kf-np)ds      „      0y\ 

\     ds         dsj  J 

But,  as  we  have  just  seen  in  (4),  the  rotation  experienced  by  the 
tangent  plane  to  the  plate  at  (x,  y),  when  the  curvature  changes 
from  (k,  sr,  A)  to  (k  +  8k,  w  +  Sot,  X  +  8A),  is 

ccSot  +  ^SA  round  0X|  . 

and  xhK  +  yhzs      ,,      OY) 

the  tangent  plane  to  the  plate  at  0  being  supposed  to  remain  un- 
changed in  position;  and  therefore  the  work  done  on  the  portion 
ds  of  the  edge  is 

The  required  work,  being  the  integral  of  this  over  the  whole 
of  the  bounding  curve,  is  therefore 

(K8K  +  2n8OT+AS\)^j 
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each  integral  being  round  the  whole  closed  curve. 

641  Considering  now  the  elastic  forces  called  into  action 
by  the  flexure  {k,  zj,  X)  reckoned  from  the  unstressed  conditio  a 
of  the  plate  (plane,  or  infinitely  nearly  plane),  and  denoting  by 
w  the  whole  amount  of  their  potential  energy,  per  unit  area  of 
the  plate,  we  have,  as  in  the  case  of  the  wire  treated  in  §  594, 

KBk  =  8^w,  AS\  =  8^w,  2U8-a  =  B'sriu (7); 

or,  according  to  the  other  notation, 

2S8<7  =  S^ti»,  208^  =  a.^w;,  2n8tT  =  5_w (8); 

where,  as  above  explained,  K  and  A  denote  the  simple  bending 
stresses  (measured  by  the  amount  of  bending  couple,  per  unit 
of  length)  round  lines  parallel  to  OF  and  OX  respectively:  II 
the  anticlastic  stress  with  axes  at  45"  to  OX  &nd  OY:  and  — 
and  0  the  synclastic  stress  and  the  anticlastic  stress  with  OX 
and  OY  for  axes,  together  equivalent  to  K  and  A.  Also,  as  in 
§  595,  we  see  that  whatever  be  the  character,  eolotropic  or  iso- 
tropic, §  677,  of  the  substance  of  the  plate,  it  must  be  a  homo- 
potontiai  geneous  quadratic  function  of  the  three  components  of  curva- 
eia^iii- piato  ture,  whether  [k,  X,  w)  or  (cr,  ^,  -bt).     i?rom  this  and  (7),  or  (8), 

held  l>CMt.        •         r    M  1  1  rr>     •  -ii- 

it  tollows  that  the  ojemcients  in  the  linear  functions  of  the 
three  components  of  curvature  wiiich  express  the  components 
of  the  stress  required  to  maintain  it,  must  fulfil  the  ordinary 
conservative  relations  of  equality  in  three  pairs,  reducing  the 
whole  number  from  nine  to  six. 

Thus  A,  B,  C,  a,  b,  c  denoting  six  constants  dejMjnding  on  the 
quality  of  the  solid  substance  and  the  thickne.sa  of  the  plate,  we 

have       U}  =  h{AK*  +  BK'  +  Cw'  +  2a\:u  +  2637k  +  2ck\) (9); 

and  hence,  by  (7), 

K  =  AK  +  c\  +  bm  ^ 

A=  CK+B\4-a7B  I (10). 

2U  =  bK-i-a\+CiiTi 
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Transformins:  these  by  S  640  (3)  we  have,  in  terms  of  cr,  ^,  w,       Potei.tial 

°  ./    o  \    /  energy  of  an 

w=l{{A  +  B+2c)a'  +  (A  +  £-  2c)  ^  +  Czo'  h'ld  bentl'" 

+  2(6-a)^OT+  2(6  +  a)aOT  +  2(yl-/i)(7.^1 (11), 

ami       2-%  =  {A  +  B  +  2c)a  +  {A-B)^  +  {b  +  a)-!u- 

2&  =  {A-B)(T  +  {A  +  B-2c)^  +  (b-a)r;r[ (12). 

2n=    ib  +  a)(T+  {b-a)^+  Czzr. 

These  second  forms  are  chiefly  useful  as  showing  immediately  the 

relations  which  must  be  fulfilled  among  the  coefficients  for  the 

impo^'tant  case  considered  in  the  following  section. 

642.  If  the   plate   be   equally  flexible   in  all  directions,  a  Case  of 

,        .  ,  1  1       •      1  i  j_-     equal  flexi- 

synclastic  stress   must   produce  spherical   curvature:  an  anti-  biutyinau 
clastic  stress  having  any  pair  of  rectangular  lines  in  the  plate 
for   its  axes  must  produce  anticlastic  curvature  having  these 
lines  for  sections  of  equal  greatest  curvature  on  the  opposite 
sides  of  the  tangent  plane :  and  in  either  action  the  amount  of 
the   curvature   is    simply  proportional   to   the   amount  of  the 
stress.     Hence  if  ^  and  fe  denote  two  coefficients  depending  on  syuciabuc 
the  bulk-modulus  and  rigidity  of  the  substance  if  isotropic  (see  clastic  n- 
§§  677,  680,  below),  and  on  the  thickness  of  the  plate,  we  have  piate. 

2  =  1^0-,  0  =  il^,  7r  =  l;OT (13). 

And  therefore  [§  640  (2)] 

w  =  W  +  ^(.^"  +  -^') (14). 

Hence  the  coefficients  in  the  general  expressions  of  §  641  fulfil, 
in  the  case  of  equal  flexibility  in  all  directions,  the  followinrj 
conditions : — 

a  =  0,  6  =  0,  A^B,  2(4-c)  =  C (15); 

and  the  newly-introduced  coefficients  {)  and  b  are  related  to  them 
thus:—  A+c  =  \),  ^C  =  A-c  =  k (16). 

643.  Let  us  now  consider    the   equilibrium  of  an  infinite  riate  bens 
plate,  disturbed  from  its  natural  plane  by  forces  applied  to  it  forces. 

in  any  way,  subject  only  to  the  conditions  of  §  632.  The  sub- 
stance may  be  of  any  possible  quality  as  regards  elasticity  in 
different  directions:  and  the  plate  itself  need  not  be  homo- 
geneous either  as  to  this  quality,  or  as  to  its  thickness,  in 
different  parts;  provided  only  that  round  every  point  it  is  in 
both  respects  sensibly  homogeneous  [§  632  Def  (4)]  to  distances 
great  in  comparison  with  the  thickness  at  that  point. 
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644  Let  ox,  OF  be  rectangular  axes  of  reference  in  tbe 
plane  of  the  undisturbed  plate ;  and  let  z  be  the  infinitely  small 
displacement  from  this  plane,  of  the  point  {x,  y)  of  the  plate, 
when  disturbed  by  any  forces,  specified  in  their  etfective  com- 
ponents as  follows: — Take  a  portion,  E,  of  the  plate  bounded  by 
a  normal  surface  cutting  the  middle  surface  in  a  line  en- 
closing an  infinitely  small  area  <r  in  the  neighbourhood  of  the 
point  {x,  y),  and  let  Z(t  denote  the  sura  of  the  component 
forces  perpendicular  to  XOY  on  all  the  matter  of  E  in  the 
neighbourhood  of  the  point  {x,  y)  :  and  Zcr,  Ma-  the  component 
couples  round  OX  and  OF  obtained  by  transferring,  according 
to  Poinsot,  the  forces  from  all  points  of  the  portion  E,  supposed 
for  the  moment  rigid,  to  one  point  of  it  which  it  is  convenient 
to  take  at  the  centre  of  inertia  of  the  area,  <t,  of  the  part  of  the 
middle  surface  belonging  to  it.  This  force  and  these  couples, 
along  with  the  internal  forces  of  elasticity  exerted  on  the 
matter  of  E,  across  its  boundary,  by  the  matter  surrounding 
it,  must  (§  •564')  fulfil  the  conditions  of  equilibrium  for  E  treated 
as  a  rigid  body.  And  E,  being  not  really  rigid,  must  have  the 
curvature  due,  according  to  §  641,  to  the  bending  stress  con- 
stituted by  the  last-mentioned  forces.  These  conditions  ex- 
pressed mathematically  supply  five  equations  from  which,  four 
elements  specifj'ing  the  internal  forces  being  eliminated,  we 
have  a  single  partial  differential  equation  for  z  in  terms  of  x 
and  y,  which  is  the  required  equation  of  equilibrium. 

Let  o-  be  a  rectangle  PQP'Q',  with  sides  &c  parallel  to  OX 

and  hy  parallel  to  OT. 
Let  ahy,  a'Sy  be  the  in- 
finitely nearly  equal  shear- 
ing forces  perj)endicular 
to  the  plate  in  the  normal 
surfaces  through  PQ'  and 
QP'  respectively :  and  let 
P,  ft'  be  the  corresponding 
0^ X       notation    for    PQ,    PQ'. 

We  shall  have,  of  course, 

a'-a  =  pBx,  SiUdft'-fi^^Sy. 


r 


A 

Q 

F 

f)\  : 

E 

V 

r 

Jl 

f)X 

dx 


dy 
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The  results  of  tliese  actions  on  the  portion,  E,  of  the  plate,  con-  Equations 
sidered  as  rigid,  are  forces  dhij,  fS'Sx  through  the  middle  points  of  brium  of 
QF',  Q'P',  in  the  direction  of  z  positive,  and  forces  ahj,  /38a;  by  any 
through  the  middle  points  of  PQ\  PQ,  in  the  direction  of  z  vestig'ated, 
negative.     Hence,  towards  the  equilibrium  of  ^  as  a  rigid  body, 
they  contribute 

(a'-a)S?/  +  (/8'-/5)8aj,  or  {-j-+  —  j  SxSy,  component  force  parallel  to  OZ^ 

aSy .  8x  couple  round  0  Y, 
and  P^x  .hy       „         „       OX; 

(in  these  last  two  expressions  the  difference  between  a  and  a 
and  between  ft  and  /3'  are  of  course  neglected).  Again,  if  K, 
A,  n  specify,  according  to  the  system  of  §  637,  the  bending 
stress  at  (x,  y),  we  shall  have  couples  infinitely  nearly  equal 
and  opposite,  on  the  pairs  of  opposite  sides,  of  which,  estimated 
in  components  round  OX  and  OY,  the  differences,  representing 
the  residual  turning  tendencies  on  j&  as  a  rigid  body,  are  as 
follows : — 


round  OX, 


round  OY,   ■{ 


from  sides  PQ,  Q'P',  ^  8y .  Bx, 

ay 

from  sides  PQ,  Q'P',  '^  Sy.Sx, 

ay 

I     „     „     PQ',QP,^Bx.hj', 


or  in  all,  round  OX,  (  ^ — i-  -=—  \Sx8y, 

and  „      OY,(^^^'^)8x8y. 

The  equations  of  equilibrium,  therefore,  between  these  and  the  Equations 
applied  forces  on  U  treated  as  a  rigid  body  give,  if  we  remove  plate  bent 
the  common  factor,  SxBy,  fwces. 

dx      ay         I 

^^^*dy*^.-''\ (')• 

dy      dx        J 
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Tlic  first  of  these,  with  a  and  P  replaced  in  it  by  their  values 
from  the  second  and  third,  becomes 


dx*         dxdy 


di^  dx       dy 


(2). 


Now  K,\  Ts  denoting  component  curvatures  of  the  plate,  accord- 
ing to  the  system  of  §  G39,  we  have  of  course 


"' dx*'  d,f' 


w- 


dxdy 


(3), 


and  hence  (10)  of  §  641  give 


„       .  d^z  d*z  .    d*z 

ajT  rfy  dxdy 

_     d\  B<^**  <^** 

dx*  dif  dxdy 


d*z 


d'z        il'z 

dx'         dy  dxdy  ^ 


(4). 


Using  these  in  (2)  we  find  the  required  differential  equation  of 
the  disturbed  surface.  On  the  general  supposition  (§  643)  we 
must  regard  J,  B,  C,  a,  b,  c  as  given  functions  of  x  and  y. 
In  the  important  practical  case  of  a  homogeneous  plate  they  are 
constants ;  and  the  required  equation  becomes  the  linear  partial 
differential  equation  of  the  fourth  order  with  constant  coeffi- 
cients, as  follows  : — 


dx*         dx'dy 


+  2a 


d*Z  V^    _y        ^^  ^^    /EX 

dxdy'        dy*  dx      dy  ^  '^ 


For  the  case  of  equal  flexibility  in  all  directions,  according  to 
§  642  (13),  this  becomes 

Kdx''*'     d2^dy'^dy*J~  dx       dy 

a(—  +  ?V«-Z-  — -''- 
\dx*      dy'J  dx      dy 


(6). 


or 


645.  To  investigate  the  btumdary  conditions  for  a  plate  of 
limited  dimensions,  we  may  tirst  consider  it  as  forming  part  of 
an  infinite  plate  bounded  by  a  normal  surface  drawn  through  a 
clo8ed  curve  traced  on  its  middle  surface.  The  preceding  in- 
vestigation leads  immediately  to  expressions  for  the  force  and 
couple  on  any  portion  of  the  normal  bounding  surface.     If  then 
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the  portion  in  question  be  actually  cut  out  from  the  surround-  Boundary 

t>   n  I'l'i  conditions; 

ing  sheet,  and  if  a  distribution  of  force  and  couple  identical 
with  that  so  found  be  applied  to  its  edge,  its  elastic  condition 
will   remain  absolutely  unchanged   throughout  up  to  the  very 
normal  edge.     To  fulfil  this  condition  requires  three  equations, 
expressing  (1)  that  the  shearing  force  applied  to  the  edge  (that  Poisson's 
is,  the  applied  tangential  force  in  the  normal  surface  constitut- 
ing the  edge),  which    is   necessarily    in    the  direction  of  the 
normal  line  to  the  plate,  must  be  equal  to  the  required  amount, 
and  (2)  and  (3)  that  the  couple  applied  to  any  small  part  of  the 
edge  must  have  components  of  the  proper  amounts  round  any 
two   lines  in  the  plane  of  the  plate.     These  three  equations 
were  given  by  Poisson  as  necessary  for  the  full  expression  of 
the  boundary  condition;  but  Kirchhoff  has  demonstrated  thai  two suffi- 
they    express   too   much,  and  has   shown  that   two   equation?  j^^'^^^jj' 
suffice.     This  we  shall  prove  by  showing  that  when  a  finite 
plate  is  given  in  any  condition  of  stress,  or  free  from  stress,  we 
may  apply,  round  axes  everywhere  perpendicular  to  its  normal 
surface-edge,  any  arbitrary  distribution  of  couple  without  pro- 
ducing  any   change   except  at  infinitely  small  distances   from 
the  edge,  provided  a  certain  distribution  of  force   also,  calcu- 
lated from  the  distribution  of  couple,  be  applied  to  the  edge, 
perpendicularly  to  the  plate. 

Let  XY,  =Ss,  be  an  infinitely  small  element  at  a  point  (x,  y) 
of  a  curve  traced  on  the  middle  surface  of  an 
infinite  plate;  and,  /'Xand  PY  being  parallel 
to  the  axes  of  x  and  y,  let  YXP  =  <}>.  Then, 
if  t,8s  denote  the  shearing  force  in  the  normal 
surface  to  the  plate  through  8s,  and,  as  before 
(§  644),  a.  PY  and  p.  PX  be  those  in  normal 
surfaces  through  PY  and  PX,  we  must  have, 
for  the  equilibrium  of  the  triangle  YPX 
supposed  rigid  (§  504), 
^8s  =  a.PY+^.PX,  whence  ^  =  asin</>+/3cos<^. 

Usiug  here  for  a  and  /3  their  values  by  (1)  of  §  644,  we  have 

Kirchhoff's 


/.^     dU.      dK\    .    ^     fj.      dA     dU.\         ,  ^.. 


equations 

investi- 

cated. 
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KirchhoiTs  Next,  if  GSs  and  IISs  denote  the  components  round  XT,  and 

iquaiions  round  an  axis  perpendicular  to  it  in  the  plane  of  the  plate,  of 

K»'ed.  the  couple  acting  across  the  normal  surface  through  Bs,  we  have 

[(2)  of  §637], 

G  =  Acqs' <f>  +  2n  sin  <^c<)s</>+  K  sin*<^ (2), 

IT^  (K  -  A)  sin  <^  cos  <^  +  n  (cos*  (f,  -  sin**^) (3). 

If  (C  G,  II)  denoted  the  action  experienced  by  the  edge  in  virtue 
of  applied  forces,  all  the  plate  outside  a  closed  curve,  of  which  8« 
is  an  element,  being  removed,  these  three  equations  would  ex- 
press the  same  as  the  three  boundary  equations  given  by  Poisson. 
Lastly,  let  ^8s,  G^s,  ^}8s  denote  the  force  perpendicular  to  the 
plate,  and  the  components  of  couple,  actually  applied  at  any 
point  (x,  y)  of  a  free  edge  on  the  length  8«  of  the  middle  curve. 
As  we  shall  immediately  see  (§  648),  if 

5Z--^  +  ^^(?^-//)  =  0 (4), 

the  plate  will  be  in  the  same  condition  of  stress  throughout,  ex- 
cept infinitely  near  the  edge,  as  with  (^,  G,  H)  for  the  action  on 
the  edge.  Hence,  eliminating  t,  and  //  between  these  four  equa- 
tions, there  remain  to  us  (2)  unchanged  and  another,  or  in  all 
tiie.se  two — 

G  =  A  cos*<^  -1-  2n  sin  0  cos  </>  +  K  sin'^,  and 

which  are  Kirchhoff's  boundary  equations. 

Distribu-  646.     Tlic  proposition  stated  at  the  end  of  last  section  is 

shearing  equivalent    to    this: — That   a   certain    distrihutiou    of   normal 

minni,  .shearing  force  on  the  bounding  edge  of  a  finite  plate  may  be 

prtxiucMs  determined  which  shall  produce  the  same  eft'ect  .is  any  given 

MHnertexuro    .....  i-'    i 

Bsaftivon     distribution  of  couple,  round  axes  everywhere  perpendicular  to 

(liatribiition  ir  i  •iim 

ofooupiP      the  normal  surface  supposed  to  constitute  the  edge.     To  prove 

round  aiC3       i..  .  .... 

iHjrpon-       tins  let  equal  forces  act  in  opposite  directions  in  lines  EF,  E'F' 

dicular  to  .^  .  *^.* 

boundary  on  cach  side  of  the  middle  line  and  parallel  to  it,  constituting 
the  supposed  distribution  of  couple.  It  must  be  understood 
that  the  forces  are  actually  distributed  along  their  lines  of 
action,  and  not,  as  in  the  abstract  dynamics  of  ideal  rigid  bodies, 
applied    indifferently    at    any   points    of  these    lines;    but    the 


(5). 
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amount  of  the  force  per  unit  of  length,  though  equal  in  the  nistribu- 
neiofhbourincf  parts  of  the  two  lines,  must  differ  from  point  to  shearing 

.  force  deter- 

point  along  the  edge,  to  constitute  any  other  than  a  uniform  mined. 

...  -  T         1  which 

distribution   of   couple.      Lastly,  produces 

we   may   suppose   the    forces   in 

the  opposite  directions  to  be  not 

confined  to  two  lines,  as  shown 

in  the  diagram,  but  to  be  diffused 

over  the  two  halves  of  the  edge 

on   the    two  sides  of  its  middle 

line;  and  further,  the  amount  of 

them   in   equal   infinitely    small 

breadths    at    different    distances 

from   the   middle    line   must   be 

proportional   to    these    distances, 

as  stated  in  §  634  (3),  if  the  given 

distribution  of  couple  is  to  be  thoroughly  such  as  if  of  §  645. 

Let  now  the  whole  edge  be  divided  into  infinitely  small 
rectangles,  such  as  ABGD  in  the  diagram,  by  lines  drawn  per- 
pendicularly across  it.  In  one  of  these  rectangles  apply  a 
balancing  system  of  couples  consisting  of  a  diffused  couple 
equal  and  opposite  to  the  part  of  the  given  distribution  of 
couple  belonging  to  the  area  of  the  rectangle,  and  a  couple 
of  single  forces  in  the  lines  AD,  CB,  of  equal  and  opposite 
moment.  This  balancing  system  obviously  cannot  cause  any 
sensible  disturbance  (stress  or  strain)  in  the  plate,  except 
within  a  distance  comparable  with  the  sides  of  the  rectangle ; 
and,  therefore,  when  the  same  thing  is  done  in  all  the  rectangles 
into  which  the  edge  is  divided,  the  plate  is  only  disturbed  to 
an  infinitely  small  distance  from  the  edge  inwards  all  round. 
But  the  given  distribution  of  couple  is  thus  removed  (being 
directly  balarce  1  by  a  system  of  diffused  force  equal  and 
opposite  everywhere  to  that  constituting  it),  and  there  remains 
only  the  set  of  forces  applied  in  the  cross  lines.  Of  these  there 
are  two  in  each  cross  line,  derived  from  the  operations  per- 
formed in  the  two  rectangles  of  which  it  is  a  common  side,  and 
their  difference  alone  remains  effective.  Thus  we  see  that  if 
the  given  distribution  of  couple  be  uniform  along  the  edge,  it 
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may  be  removed  without  di.sturbiug  the  condition  of  the  plate 
except  iutinitely  near  the  edge  :  in  other  words, 

Uniform  647.     A  Uniform  distHbution  of  couple  along  the  whole  edge 

distributiod      ^,.,*  ,  ,  -ji  yii 

of  twiitiiiK    of  a  finite  plate,  every wliere  round  axes  in  the  plane  of  the  plate, 

couple  pro-  ,  7-1  J  J  J  J'- 

<iuc.-8  no  and  perpendicular  to  the  edge,  produces  distortion,  spreading  to 
only  infinitely  small  distances  inwards  from  the  edge  all  round, 
and  no  stress  or  distortion  of  tlie  plate  as  a  whole.  The  truth  of 
this  remarkable  proposition  is  also  obvious  when  we  consider 
that  the  tendency  of  such  a  distribution  of  couple  can  only  be 
to  drag  the  two  sides  of  the  edge  infinitesiraally  in  opposite 
directions  round  the  area  of  the  plate.  Later  (§  728)  we  shall 
investigate  strictly  the  strain,  in  the  neighbourhood  of  the  edge, 
produced  by  it,  and  we  shall  find  (§  729)  that  it  diminishes  with 
extreme  rapidity  inwards  from  the  edge,  becoming  practically  in- 
sensible at  distances  exceeding  twice  the  thickness  of  the  plate. 

Tiiedistri-        648.     A  distribution  of  couple  on  the  edge  of  a  plate,  round 
shearinK      axcs  everywhere  in  the  plarie  of  the  plate,  and  perpendicular  to 

forco  that  i  7  /•  •  •        r  i  i        r     1  i 

produce-'      tlic  edge,  of  any  given  amount  per  unit  of  length  of  the  edne,  may 

samefleiUi'B  '  .  ^ ..,.',   .  71 

lis  from  dis-  be  removed,  and,  instead,  a  distribution  of  force  perpendicular  to 

tributi.  n  of     ,         ,  '  !  .     ,  ,       ^     ,  ,  , 

twisiiMK  the  plate,  equal  m  amount  per  unit  length  of  trie  edge,  to  the  rate 
of  variation  per  unit  length  of  the  amount  of  the  couple,  without 
altering  the  flexure  of  the  plate  as  a  whole,  or  producing  any  dis- 
turbance in  its  stress  or  strain  except  infinitely  near  tlie  edge. 

In  the  diagram  of  §  646  let  AB  =  88.  Then  if  //  be  the 
aiiiouut  of  the  given  couple  per  unit  length  along  the  edgo,  be- 
tween AD,  JiC,  the  amount  of  it  on  the  rectangle  .^i^C/)  is  II8s, 
and  therefore  //  must  be  the  amount  of  the  forces  introduced  along 
AD,  Cli,  in  order  that  they  may  constitute  a  couple  of  the  requi- 
site momi'iit.  Similarly,  if  //'&s  denote  the  amount  of  the  couple 
in  the  contiguous  rectangle  on  the  other  side  of  liC,  the  force  in 
BG  derived  from  it  will  be  //'  in  the  direction  opposite  to  //. 
There  remains  effective  in  BC  a  single  force  equal  to  the  differ- 
ence, H'-U. 

If  from  yl  to  .5  be  the  direction  in  which  we  suppose  «,  a  length 
measured  along  the  edge  from  any  zero  point,  to  increase,  we  have 

H'-IlJfhs. 
as 
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Thus  we  are  left  with  single  forces,  equal  to  -y  8s,  applied  in  b!Jt1 'i!'*? '" 

shearing 

lines  perpendicularly  across  the  edge,   at  consecutive  distances  ^'^'''j^  ^'^'^'^ 

8s   from    one  another:    and  for  this  we  may  substitute,  with- ^"™efl^sii''e 

•'  '  as  from  dis- 

out  causing  disturbance  except  infinitely  near  the  edge,  a  con-  tributionof 

1.       .,       .  ^  p  iwibting 

tmuous  distribution  oi  transverse  force,  amounting  to  clHjds  per  coupl& 

unit  length ;  which  is  the  proposition  to  be  proved.  The  direc- 
tion of  this  force,  when  dH/ds  is  positive,  is  that  of  z  negative  : 
whence  immediately  the  form  of  it  expressed  in  (4)  of  §  645. 

649.     As  a  first  example  of  the  application  of  these  equa-  case  of  cir- 

1     11  •  1  1  •         1  r-  •  .  cularstraiu. 

tions,  we  shall  consider  the  very  simple  case  of  a  uniform 
plate  of  finite  or  infinite  extent,  symmetrically  influenced  in 
concentric  circles  b}'^  a  load  distributed  symmetrically,  and  by 
proper  boundary  appliances  if  required. 

Let  the  origin  of  co-ordinates  be  chosen  at  the  centre  of  sym- 
metry, and  let  r,  d  be  polar  co-ordinates  of  any  point  P,  so  that 

X  =  r  cos  0,     y  =r  sin  B. 

The  second  member  of  (6),  §  044,  will  be  a  function  of  r,  which 
for  brevity  we  may  now  denote  simply  by  Z  (being  the  amount 
of  load  per  unit  area  when  the  applied  forces  on  each  small  part 
are  reducible  to  a  single  normal  force  through  some  point  of  it). 
Since  z  is  now  a  function  of  r,  and,  as  we  have  seen  before 
[§491  (e)], 


vV 


\   d  f    du\ 

r  dr\   dr) 


when  u  is  any  function  of  r,  equation  (6)  of  §  644  becomes 
A  d  i    d  [\  d  ^   dz 

Hence 


r  dr\  dr\rdr\   dr) _)    ^  '* 


^y?/    '•/f/'-^'/''-^i^(logr-l)r^+iC'V+C'''logr+C''''...(2), 

which  is  the  complete  integral,  with  the  four  arbitrary  constants 
explicitly  shown.  The  following  expressions,  founded  on  inter- 
mediate integrals,  deserve  attention  now,  as  promoting  a  thorough 
comprehension  of  the  solution  ;  and  some  of  them  will  be  required 
later  for  expressing  the  boundary  conditions.  The  notation  of 
(7)  will  be  explained  in  §  650  : — 
VOL.  II.  13 


id-k 


ALSTRACT   DYNAMICS. 


[640. 


Plat* 

circulnrly 

gtrainc'd. 


(inclintxtion,  divided  by  radius  ;  or  curvature  in 
normal  section  perpendicular  to  radius 


,  c"  [  ••")• 


(curvature  in  radial  section) 

1 


(sum  of  curvatures  in  rectangular  sections) 
^'g  =  2  I—  jrZdr  +  C  log  r  +  C" 


•••(*). 


•(^). 


A-e 

'  Ar' 


cPz         dz      ^ 
t/r*         rdr 

■dz 


''trdr['^^izdr+  j'^ jrZdr+hC{{A  +  c)  \ogr+^{A-c)) 


II  ^Q 


■\C'{A^c)-C"{A-c)'^ 


■{% 


L  =  c—    A  ^ 
dr*         rdr 


■{7), 


, ,       .df\dz\dG.d,         ^1 


rZdr  +  C-^ 


.(8). 


Of  these  (G)  and  (S)  express,  according  to  the  notation  of  §  645, 
the  coui)le  and  the  shearing  force  acting  on  the  normal  surface 
cutting  the  middle  surface  of  the  plate  in  the  circle  of  radius  r. 
They  are  derivable  analytically  from  our  solution  (2)  by  means  of 
(2),  (3),  and  (1)  of  §  645,  with  (4)  of  §  644,  and  (15)  of  §  642. 
The  work  is  of  course  much  shortened  by  taking  y  =  0,  and 
x  =  r,  and  using  (3)  and  (4)  of  the  present  section.  The  student 
may  go  through  this  process,  with  or  without  the  abbreviation,  as 
an  analytical  exercise  ;  but  it  is  more  instructive,  as  well  as  more 
direct,  to  investigate  ab  initio  the  equilibrium  of  a  plate  sym- 
metrically strained  in  concentric  circles,  and  so,  iu  the  course 
of  an  independent  demonstration  of  (6)  §  644,  lor  this  case, 
or  (1)  ^  649,  to  tind  expressions  for  the  flexural  and  shearing 
stresses. 
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650.     It  is  clear  that,  in  every  part  of  the  plate,  the  normal  indepen- 

'■      .     .  .  dent  inves- 

sections  (S  637)  of  maximum  and  minimum,  or  minimum  and  t|K»*io" '<»■ 

,  circular 

maximum,  bending  couples  are  those  through  and  perpen-  strain. 
dicular  to  the  radius  drawn  from  0  the  centre  of  symmetry. 
At  distance  r  from  0,  let  L  and  G  be  the  bending  couples  in 
the  section  through  the  radius,  and  in  the  section  perpen- 
dicular to  it ;  so  that,  if  \  and  k  be  the  curvatures  in  these 
sections,  we  have,  by  (10)  of  §  641  and  (15)  of  §  642, 


L  =  A\  +  CK     I 
G=  c\  +Ak  j 


.(9). 


Let  also  ^  be  the  shearing  force  (§  616,  footnote)  in  the 
circular  normal  section  of  radius  r.  The  symmetry  requires 
that  there  be  no  shearing  force  in  radial  normal  sections. 

Considering  now  an  element,  U,  bounded  by  two  radii 
making  an  infinitely  small  angle  80  with  one  another,  and 
two  concentric  circles  of  radii  r  —  ^Br  and  r  +  ^Sr;  we  see 
that  the  equal  couples  LSr  on  its  radial  normal  sections,  round 
axes  falling  short  of  direct  opposition  by  the  infinitely  small 
angle  86,  have  a  resultant  equal  to  L8)-8d  round  an  axis  per- 
pendicular to  the  middle  i-adius,  in  the  negative  direction  when 
L  is  positive ;  and  the  infinitely  nearly  equal  couples  on  its 
outer  and  inner  circular  edges  have  a  resultant  round  the  same 

axis,  equal  to  -j:  {Gr86)  8r,  being  the  difference  of  the  values  taken 

by  Gr8d  when  r  —  ^8r  and  r  +  ^8r  are  put  for  r.  There  is  also 
the  couple  of  the  shearing  forces  on  the  outer  and  inner  edges, 
each  infinitely  nearly  equal  to  ^r80 ;  of  which  the  moment  is 
^r868r.  Hence,  for  the  equilibrium  of  E  under  the  action  of 
these  couples, 

-  L8r8e  +  -f-  (Gr)  8r8d  +  tr808r  =  0, 
dr 

or  -L  +  ^{Gr)+^r=0 (10), 

if,  as  we  may  now  conveniently  do,  we  suppose  no  couples  to 
be  applied  from  without  to  any  part  of  the  plate  except  its 
bounding  edges.     Again,  considering  normal  forces  on   E,  we 

13-2 
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d<-ntinves-   liavc  -7-  (^rhd)  Br  f- >r  tlie  sum  of  those  acting  on  it  from  the  con- 

tifmtion  for  dy   ■'         '  •=" 

strain.  tiguous  matter  of  the  plate,  and  Zi'BdBr  from  external  matter 
if,  as  above,  Z  denote  the  amount  of  applied  normal  force  per 
unit  area  of  the  plate.  Hence,  for  the  equilibrium  of  these 
forces, 

^^^(^r)  +  Zr  =  0 (11). 

Substituting  for  ^  m  (11)  by  (10);  for  L  and  G  in  the  result 
by  (9)  ;  and,  in  the  result  of  this,  for  \  and  k  their  expressions 
by  the  differential  calculus,  which  are  dz/rdr  and  d^z/dr*,  since 
the  plate  is  a  surface  of  revolution  differing  infinitely  little  from 
a  plane  perpendicular  to  the  axis,  we  arrive  finally  at  (1)  the 
differential  equation  of  the  problem.  Of  the  other  formulie  of 
§  649,  (G),  (7),  (8)  follow  immediately  from  (9)  and  (10)  now 
proved :  except  //  =  0,  which  follows  from  the  fact  that  the 
radial  and  circular  normal  sections  are  the  sections  of  maximum 
and  minimum,  or  minimum  and  maximum,  curvature. 

intcrprt-         651.     We  are  now  able  to  perceive  the  meaning  of  each  of 

tfltion  of 

terms  in       '  he  four  arbitrary  constants. 

integral.  "^ 

(1)  C"  is  of  course  merely  a  displacement  of  the  plate 
without  strain. 

(2)  C  log  r  is  a  displacement  which  produces  anticlastic 
curvature  throughout,  with  +  C'/r'^  for  the  curvatures  in  the  two 
principal  sections:  corresponding  to  which  the  bending  couples, 
L,  G,  are  equal  to  ±(A  —c)  C'"/r'.  An  infinite  plane  plate,  with 
a  circular  aperture,  and  a  uniform  distribution  of  bending  couple 
applied  to  tiie  edge  all  round,  in  each  part  round  the  tangent  as 
axis,  would  experience  this  effect;  as  we  see  from  the  fact  that 
the  stress  in  the  plate,  due  to  C",  diminishes  according  to  the 
inverse  scpiare  of  the  di.'^tance  from  the  centre  of  symmetry. 
It  is  remarkable  that  although  the  absolute  value  of  the  dellec- 
tion,  C'logr,  is  infinite  for  infinite  values  of  r,  the  restrictive 
condition  (.3)  of  §  632  is  not  violated  provided  C"  is  infinitely 
small  in  comparison  with  the  thickness:  and  it  may  be  readilv 
proved  that  the  law  (1)  of  §  033  is,  in  point  of  fact,  fulfilled  by 
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this  deflection,  even  if  the  whole  displacement  has   riojorously  interpre- 

1  /-»'/!  5-  -i-  ,         1-  •  tationof 

tins  value,  L    log  r,  and  is  precisely  in  the  direction  perpen-  terms  in 
dicular  to  the  undisturbed  plane.     For  this  case  ^=0,  or  there 
is  no  shear. 

(3)  I  C't^  is  a  displacement  corresponding  to  spherical 
curvature  :  and  therefore  involving  simply  a  uniform  syuclastic 
stress  [§  638  (1)],  of  which  the  amount  is  of  course  [§  641 
(10)  or  (11)]  equal  to  A+c  divided  by  the  radius  of  curva- 
ture, or  (A+c)  X  ^C,  agreeing  with  the  equal  values  given 
for  L  and  G  by  (6)  and  (7)  of  §  649.  In  this  case  also  f  =  0,  or 
there  is  no  shearing  force.  A  finite  plate  of  any  shape,  acted 
on  by  a  uniform  bending  couple  all  round  its  edge,  becomes 
bent  thus  spherically. 

(4)  iC{log  r—  l)r^  is  a  deflection  involving  a  shearing  force 
equal  to  —  AC/r,  and  a  bending  couple, 

^C[{A  +  c)hgr+i{A-c)], 

in  the  circle  of  distance  r  from  the  centre  of  symmetry. 

652.     It  is  now  a   problem  of  the   merest  algebra  to  find  Symraetri- 

p         n  •  •  f      1  11  cal  flexure 

the  flexure  of  a  flat  ring,  or  portion  oi  plane  plate  bounded  by  offiatriim. 
two  concentric  circles,  when  acted  on  by  any  given  bending 
couples  and  transverse  forces  applied  uniformly  round  its 
outer  and  inner  edges.  For  equilibrium,  the  forces  on  the 
outer  and  inner  edges  must  be  in  contrary  directions,  and  of 
equal  amounts.  Thus  we  have  three  arbitrary  data :  the 
amounts  of  the  couple  applied  to  the  two  edges,  each  reckoned 
per  unit  of  length,  and  the  whole  amount,  F,  of  the  force  on 
either  edge.     By  (4),  §  651,  or  (8)  of  §  649,  we  see  that 

-^=2^1 (12); 

and  there  remain  unknown  the  two  constants,  C  and  G",  to  be 
determined  from  the  two  equations  given  by  putting  the  ex- 
pression for  G  [(6)  of  §  649]  equal  to  the  equal  values  for  the 
values  of  r  at  the  outer  and  inner  edges  respectively. 

Example. — A  circular  table  (of  isotropic  material),  with  a 
concentric   circular  aperture,  is  supported  by  its   outer   edge. 


» 
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symmetri-    which  rests  simplv  on  .a  horizontal  circle ;   and  is  deflected  by 

of  flat  ring,  a  load  uniformly  distributed  over  its  inner  edge  (or  vice  versd, 

inner  for  outer).     To  find  the  deflection  due  to  this  load  (which 

of  course  is  simply  added  to  the  deflection  due  to  the  weight, 

determined  below).     Here  G  must  vanish  at  each  edge. 

The  radii  of  the  outer  and  inner  edges  being  a  and  a,  the 
equations  are 

^C{{A  +  c)  log  a  +  ^{A  -  c)}+  hC\A  +  c)  - C"{A -c)\,  =  0, 
and  the  same  with  a'  for  a.     Hence 
Krr  C"{A-c)(X-K)  =  -^.CU^c)\og%, 

equilibrated  ^  '  \a '        a'/  -      '  '      °a 


and 


by  forces 
.Hyniniftri- 

bui^'^ove  J'  \C'  {A  +c){cfl-a'^=-\C  [{A  +  c)  {a?  log  a-oT^  log  a')  +  i  (^  "  «)  («'  "  '»'')1 « 

its  edges ; 


and  thus,  using  for  C  its  value  (12),  we  find  [(2)  §  649] 

a^a!^  log  — , 
.^Ll(-logr  +  l+— «-^,-^^-+i^r>  +  J^— -^5-^,     logr+Cj, 

Putting  the  factor  of  r*  into  a  more  convenient  form,  and  assign- 
ing C"  so  that  the  deflection  may  be  reckoned  from  the  level  of 
the  inner  edge,  we  have  finally 

.       a  a   log  -  ,  „  o  1  X 

.A+c  °a         r  a'a*  a        3.1+c   ^)     .,,. 

Towards  showing  the  di.stributiou  of  stress  through  the  bnadth 
of  the  ring,  we  have  from  this,  by  §  649  (6), 

^^2^-^<^^^K«'^^'«^"^'^^"^"''^^^)-^'*^' 

which,  as  it  ought  to  do,  vanishes  when  r-a',  and  when  r  =  a. 
Further,  by  §  649  (S), 

^'&r <'')• 

which  shows  that,  as  is  obviously  ti-ue,  the  whole  amount  of  tlie 
transverse  force  in  any  concentric  circle  of  the  ring  is  equal  to  F, 
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653.     The  problem  of  §  652,  extended  to  admit  a  load  dis- and  with 
tributed  in  any  symmetrical  manner  over  the   surtace  oi  the  metrically 

,  I'll  spread  over 

ring  instead  of  merely  confined  to  one  edge,  is  solved  its  area, 
algebraically  in  precisely  the  same  manner,  when  the  terms 
dependent  on  Z,  and  exhibited  in  the  several  expressions  of 
§  G49,  are  found  by  integration.  One  important  remark  we 
have  to  make  however :  that  much  needless  labour  is  avoided 
by  treating  ^2"  as  a  discontinuous  function  in  these  integrations 
in  cases  in  which  one  continuous  algebraic  or  transcendental 
function  does  not  express  the  distribution  of  load  over  the 
whole  portion  of  plate  considered.  Unless  this  plan  were 
followed,  the  expression  for  z,  dzjdr,  G,  and  ^,  would  have  to  be 
worked  out  separately  for  each  annular  portion  of  plate  through 
which  Z  is  continuous,  and  their  values  equated  on  each  side 
of  each  separating  circle.  Hence  if  there  were  i  annular 
portions  to  be  thus  treated  separately  there  would  be  4t 
arbitrary  constants,  to  be  determined  by  the  4  (i  —  1)  equations 
so  obtained,  and  the  4  equations  expressing  that  at  the  outer 
and  inner  bounding  circular  edges  G  has  the  prescribed  values 
(whether  zero  or  not)  of  the  applied  bending  couples,  and  that 
z  and  ^  have  each  a  prescribed  value  at  one  or  other  of  these 
circles.  But  by  the  more  artful  method  (due  to  Fourier  and 
Poisson),  the  complication  of  detail  required  in  virtue  of  the 
discontinuity  of  Z  is  confined  to  the  successive  integrations ; 
and  the  arbitrary  constants,  of  which  there  are  now  but  four, 
are  determined  by  the  conditions  for  the  two  extreme  bounding 
edges. 

Example. — A  circular  table  (of  isotropic  material),  with  a 
concentric  circular  aperture,  is  borne  by  its  outer  or  inner  edge 
which  rests  simply  on  a  horizontal  circular  support,  and  is 
loaded  by  matter  uniformly  distributed  over  an  annular  area  of 
its  surface,  extending  from  its  inner  edge  outwards  to  a  con- 
centric circle  of  given  radius,  c.  It  is  required  to  find  the 
flexure. 

First,  supposing  the  aperture  filled  up,  and  the  plate  uniform 
from  outer  edge  to  centre,  let  the  whole  circle  of  radius  c  be 
uniformly  loaded  at  the  rate  w,  a  constant,  per  unit  of  its  area. 


2U0 
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If 

0 

<c 

w 
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0 

I. 

II. 
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III. 


I""ItI'^-^'= 


0 


A""*" 


tire 


Ur^\oz-^+A 


IV. 


fyf'^'fTf''^" 


0 


I'jtrt  5  (  2r»  log  ^  -  r'  +  c»  log  %  Jc»  j| 


Of  these  resvilts,  v.  used  in  (2)  gives  the  general  .solution;  and 
IV.,  III.,  and  II.  in  (6)  and  (8)  give  the  corresponding  expressions 
for  G  and  t,.  If,  first,  we  suppose  the  value  of  G  thtis  found  to 
have  any  given  value  for  each  of  two  values,  r',  r",  of  r,  and  ^  to 
have  a  given  value  for  one  of  tliese  values  of  r,  we  have  three 
simple  algebraic  equations  to  find  C,  C,  C" ;  and  we  solve  a  more 
general  problem  than  thiit  proposed  ;  to  which  we  <lescend  by 
making  the  prescribed  values  of  G  and  ^  zero.  The  power  of 
mathematical  expression  and  analy.sis  in  dealing  with  discon- 
tinuous functions,  is  strikingly  exemplified  in  the  applicability 
of  the  result  not  only  to  the  contemplated  case,  in  which  c  is  in- 
termediate between  r'  and  r" ;  but  also  to  cases  in  which  c  is  less 
than  either  (when  we  fall  back  on  the  previous  case,  of  §  652), 
or  c  greater  than  either  (when  we  have  a  solution  more  directly 
obtainable  by  taking  Z -  w  for  all  vnlucs  of  ?•). 

If  the  plate  is  in  reality  continuous  to  it-<  centre,  and  uniformly 
loaded  over  the  whole  area  of  the  circle  of  radius  c,  we  must 
have  C  -  0  and  (J"  =  0  to  avoid  infinite  values  of  ^  and  G  at  tlio 
centre:  and  the  equation  G  =  0  for  the  outer  boundary  of  the 
disc  gives  C  at  once,  completing  the  determination.  If,  lastly, 
we  suppose  c  to  be  not  less  than  the  i-adius  of  the  disc,  we  have 
the  solution  for  a  uniforin  rircular  disc  uniformly  supported 
round  its  edge,  and  strained  only  by  its  own  weight 

654.  If  now  we  cunsiiler  the  general  problem, — to  deter- 
mine the  flexure  of  a  plate  of  any  form,  with  an  arbitrary 
distribution  of  load  over  it,  and  with  arbitrary  boundary 
ai»i)lianees,  subject  of  course  to  the  condition  that  all  the 
applied  forces,  when  the  data  are  entirely  of  force,  must  con- 
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stitute   an  equilibrating  system ;  we  may  immediately  reduce  utduction 
this    problem  to  the    simpler    one    in   which  there  is  no    load  prfwe^trta 
distributed   over  the   area,   but  arbitrary  boundary  appliances  load  over 
only.     We  shall  merely  sketch  the  mathematical  investigation. 

First  it  is  easily  proved,  as  for  a  corresponding  expression  for 
three  independent  variables  in  §  491  (c),  that 


1^-5   + 


^-}j  j jp' log  Ddxdy'^l^p (1), 


\dx^     dy 

where  p  is  any  function  of  two  independent  variables,  x',  y'j 
p  the  same  function  of  x,  y;  D  denotes  \/{(a;-a;')"  +  (y-y')"}; 
and  \^  denotes  integration  over  an  area  comprehending  all  values 
of  a;',  y\  for  which  p  does  not  vanish.     Hence 

,fa>^3?)"-^ (2), 

if  u^^Jjdx'dii'\ogDSSdx"dy"2"\^'iD' (3), 

where  D' =  J{{x" -x'f -^  {y" -yy);  and  if  Z"  and  Z  denote 
the  values  for  {x",  y")  and  {x,  y)  of  any  arbitrary  function  of  two 
independent  variables.  Let  this  function  denote  the  amount  of 
load  per  unit  of  area,  which  we  may  suppose  to  vanish  for  all 
values  of  the  co-ordindtes  not  included  in  the  plate;  and  to  avoid 
trouble  regarding  limits,  let  all  the  integrals  be  supposed  to 
extend  from  -oo  to  +00.  We  thus  have,  in  z  =  u,  a  solution 
of  our  equation  (2):  and  therefore  z~^l  must  satisfy  the  same 
equation  with  the  second  member  replaced  by  zero  :  or,  if  j 
denote  a  general  solution  of 


& 


'^^^^^^ «. 


\dx'      dy^j 
then  z  =  u  +  \ (5) 

is  the  general  solution  of  (2).  The  boundary  conditions  for  5  are 
of  course  had  by  substituting  w  +  j  for  «  in  the  directly  prescribed 
boundary  equations,  whatever  they  may  be. 

655.     Mathematicians  have  not  hitherto  succeeded  in  solving  Fiatoircu- 
this  problem  with  complete  generality,  for  any  other  form  of  only  case 

,  ,  ^  •        ^  •/•IT  •]  .     bitiierto 

plate  than  the  circular  rmg  (or  circular  disc  with  concentric  solved, 
circular  aperture).     Having   given    (§§    640,    G5.3)    a   detailed 
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Flat  circu-    solution  of  the  problem  for  this  case,  subject  to  the  restriction  of 
only  case     svmmetrv,  we  shall  merely  indicate  the  extension  of  the  analysis 

hitherto  "^  •"  .,  ,  .,,..,.  r  ■ 

■oived.  to  mclude  any  possible  non-symmetncal  distribution  oi  strain. 
The  same  analysis,  under  much  simpler  conditions,  will  occur  to 
us  again  and  again,  and  will  be  on  some  points  more  minutely 
detailed,  when  we  shall  be  occupied  \vith  important  practical 
problems  regarding  electric  influence,  fluid  motion,  and  electric 
and  thermal  conduction,  through  cylindrical  spaces. 

Taking  the  centre  of  the  circular  bouudiug  edges  as  origin  for 
polar  co-ordinates,  let 

x  =  r  cos  6,  y  =  r  sin  6. 

"We  easily  find  by  trausformatioa 

cPl       f^_l  ^/   r/A       1  f/^ 

dx'^  d}f~  r  dr\dr)      ?  db' ^  '" 

If  we  put  logr  =  ^,  orr  =  c^ (7), 

this  becomes     ^.+5^  =  *       (,rfP  +  ^* j (8)- 

d'       d' 
Hence  if,  as  before,  v   denote  — ^  +  ^, , 


^*,.r^(^^^V2^(£.^^'\  (9) 

^^-'    W  doO     W   rfW^ ^'' 


This  equated  to  zero  gives 


d'i      d'l       -^  .,, 

d^^^dt^  =  '    ' ^^^'^' 

if  V  denote  any  solution  of 

d'v      d'v  . 

rfP^rf^^^ ^^^^- 

We  shall  see,  when  occupied  with  the  electric  and  other  problems 
referred  to  above,  that  a  general  solution  of  this  equiition,  appro- 
priate for  our  presi'ut  problem  as  for  all  involving  the  expression 
of  arbitrary  functions  of  6  for  particular  values  of  ^,  is 

V  =  2{(4,co3te  +  if.sin  t^)c'^  +  (a.cos  16  +  t^.sin  t^)€-'^}...(12), 
0 

where  Af,  B^,  31,,  ld<  are  constants.  That  this  is  a  solution,  is 
of  course  verified  in  a  moment  by  difterentiation.     From  it  we 
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readily  find  (and  the  result  of  course  is  verified  also  by  diffe-  Flat  circu- 
lar ring  the 
rentiation),  only  case 

hitherto 
<=«  f         1  r,•+9^CLl  solred. 


2) 


,  (S  cos  id  +  Bi  sin  iO)  e 


-{i-2p\ 


"  -^^l  -  i  (li  cos  5  +  Bi  sin  d)  ^e^  +  »* 

(13), 

v'  being  any  solution  of  (11),  which  may  be  conveniently  taken 
as  given  by  (12)  with  accented  letters  A.\  etc.,  to  denote  four 
new  constants.  If  now  the  arbitrary  periodic  functions  of  6, 
with  27r  for  period,  given  as  the  values  whetlier  of  displacement, 
or  shearing  force,  or  couple,  for  the  outer  and  inner  circular 
edges,  be  expressed  by  Fourier's  theorem  [§  77  (14)]  in  simple 
harmonic  series;  the  two  equations  [§  645  (5)]  for  each  edge, 
applied  separately  to  the  coefiicients  of  cosi^  and  sini^  in  the 
expressions  thus  obtained,  give  eight  equations  for  determining 
the  eight  constants  A„  %,  £„  33,,  !{,  %',  B!,  33/. 

656.     Althousfh  the  problem  of  fiilfillino^  arbitrary  boundary  Rcctangn. 

lar  plate 

conditions  has  not  vet  been  solved  for  rectangular  plates,  there  held  and 

.  .  loaded  by 

is  one  remarkable  case  of  it  which  deserves  particular  notice ;  diagonal 

.  .  pairs  of 

not   only  as   interesting  in  itself,  and   important  in    practical  corners, 
application,   but   as    curiously   illustrating    one   of    the    most 
difficult        points 
[§§646, 648]  of  the 
general  theory.    A 
rectangular     plate 
acted   on   perpen- 
dicularly     by      a 
balancing    system 
of  four  equal  pa- 
rallel    forces    ap- 
plied  at   its    four 

corners,  becomes  strained  to  a  condition  of  uniform  anti- 
clastic  curvature  throughout,  with  the  sections  of  no-flexure 
parallel  to  its  sides,  and  therefore  with  sections  of  equal  oppo- 
site maximum  curvature  in  the  normal  planes  inclined  to  the 
sides  at  45".  This  follows  immediately  from  §  648,  if  we 
suppose  the  corners  rounded  off  ever  so  little,  and  the  forces 
diffused  over  them. 
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Or,  in  each  of  an  inBnite  number  of  norraa^  lines  in  the  edge 
AB,  let  a  pair  of  opposite  forces  each  equal  to  i^P  be  applied; 
which  cannot  disturb  the  plate.  These,  with  halves  of  the  single 
forces  r  in  the  dissimilar  directions  at  the  corners  A  and  B,  con- 
stitute a  diffused  couple  over  the  whole  edge  AB,  amounting  in 
moment  per  unit  of  length  to  i^P,  round  axes  peq)eu<iicular 
to  the  plane  of  the  edge.  Similarly,  the  other  halves  of  the 
forces  P  at  the  corners  A,  B,  with  halves  of  those  at  C  and 
D  and  introduced  balancing  forces,  constitute  diffused  couples 
over  the  edges  CA  and  DB ;  and  the  remaining  halves  of  the 
corner  forces  at  C  and  D,  with  introduced  balancing  forces,  con- 
stitute a  diffused  couple  over  CI);  each  having  hP  for  the 
amount  of  moment  per  unit  length  of  the  edge  over  which  it  is 
diffused.  Their  directions  are  mutually  related  in  the  manner 
specified  in  §  G38  (2),  and  thus  taken  all  together,  they  constitute 
an  anticlastic  stress  of  value  il^^P.  Hence  (§  642)  the  result 
is  uniform  anticlastic  strain  amounting  to  ^P/k,  and  having  its 
axes  inclined  at  45"  to  the  edges  ;  that  is  to  say  (§  639),  a  dexuve 
with  maximum  curvatures  on  the  two  sides  of  the  tangent 
plane  each  equal  to  |  P/k,  aud  in  normal  sections  in  the  positions 
stated. 

Transition        657      Few    problcms    of   physical    matliematics    are    more 

to  finite  \  1    1    '      ,  •    •  r  i  •  i 

flexures  in-  curiuus   than  that  presented  by  the  transition  from  this  solu- 

dicated.  *  •   •  i  i  i    n        • 

tion,  founded  on  the  supposition  that  the  greatest  deflection 
is  but  a  small  fraction  of  the  thickness  of  the  plate,  to  the 
solution  for  larger  flexures,  in  which  comer  portions  will  bend 
approximately  as  developable  surfaces  (cylindrical,  in  fact),  and 
a  central  quadrilateral  part  will  remain  infinitely  nearly  plane; 
and  thence  to  the  extreme  case  of  an  infinitely  thin  perfectly 
flexible  rectangle  of  inextensible  fabric.  This  extreme  case  may 
be  easily  observed  and  experimented  on  by  taking  a  carefully 
cut  rectangle  of  paper  (§  145),  supporting  it  by  fine  threads 
attached  to  two  opposite  corners,  and  kept  parallel,  while  two 
equal  weights  are  hung  by  tlireads  from  the  other  corners. 

Transmis-        658.     Thc  definitions  aud  investigations  regarding  strain  of 

^ion  of  force  .  ,  .  ■       i    ■  i  •         ^      xi       xl 

tiirouKiian  ^s  154 — 190  Constitute  a  kmematical  introduction  to  the  theory 

elastic  solid.  "'''  .  •  i         i  j. 

of  elastic  solids.  We  must  now,  in  commencing  the  elementary 
dynamics  of  the  subject,  consider    the  forces  called  into  play 
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through  the  interior  of  a  solid  when  brought  into  a  condition  of  ^j^^'^fy^^^jg 
strain.     We  adopt,  from  Rankine*,  the  term  stress  to  designate  "^'■^"^^Qfi^ 
such  forces,  as  distinguished  from  strain  defined  (§  154)  to  ex- 
press the  merely  geometrical  idea  of  a  change  of  volume  or 
figure. 

659.  When  through  any  space  in  a  body  under  the  action  Homogene- 

°  ''      '  .  ous  stress. 

of  force,  the  mutual  force  between  the  portions  of  matter  on  the 
two  sides  of  any  plane  area  is  equal  and  parallel  to  the  mutual 
force  across  any  equal,  similar,  and  parallel  plane  area,  the  stress 
is  said  to  be  homogeneous  through  that  space.  In  other  words, 
the  stress  experienced  by  the  matter  is  homogeneous  through 
any  space  if  all  equal  similar  and  similarly  turned  portions  of 
matter  within  this  space  are  similarly  and  equally  influenced  by 
force. 

660.  To  be  able  to  find  the  distribution  of  force  over  the  ^^[^^"^" 
surface  of  any  portion  of  matter  homogeneously  stressed,  we  gJj^l^g^JJf 
must  know  the  direction,  and  the  amount  per  unit  area,  of  the  eiasticsohd. 
force  across  a  plane  area  cutting  through  it  in  any  direction.    . 
Kow  if  we  know  this  for  any  three  planes,  in  three  different 
directions,  we  can  find  it  for  a  plane  in  any  direction,  as  we  see 

in  a  moment  by  considering  what  is  necessary  for  the  equili- 
brium of  a  tetrahedron  of  the  substance.  The  resultant  force  on 
one  of  its  faces  must  be  equal  and  opposite  to  the  residtant  of 
the  forces  on  the  thiee  others,  which  is  known  if  these  faces  are 
parallel  to  the  three  planes  for  each  of  which  the  force  is  given. 

661.  Hence  the  stress,  in  a  body  homogeneously  stressed,  is  specifica- 

•^  "  *'  .     tioncfa 

completely  specified  when  the  direction,  and  the  amount  per  unit  stress; 

area,  of  the  force  on  each  of  three  distinct  planes  is  given.  It  is, 

in  the  analytical  treatment  of  the  subject,  generally  convenient 

to  take  these  planes  of  reference  at  right  angles  to  one  another. 

But  we  should  immediately  fall  into  error  did  we  not  remark 

that  the  specification  here  indicated  consists  not  of  nine  but  in  by^sjx  inde- 

reality  only  of  six  independent  elements.     For  if  the  equili-  elements. 

brating  forces  on  the  six  faces  of  a  cube  be  each  resolved  into 

three  components  parallel  to  its  three  edges  OX,  OY,  OZ,  we 

have  in  all  18  forces;  of  which  each  pair  acting  perpendicularly 

*  Cambridge  and  Dublin  Mathematical  Journal,  1850. 
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on  a  pair  of  opposite  faces,  being  equal  and  directly  opposed, 
balance  one  another.  The  twelve  tangential  components  that 
remain  constitute  three  pairs  of  couples  having  their  axes  in  the 

direction  of  the  three  edges,  each 
of  which  must  separately  be  in 
equilibrium.  The  diagram  shows 
the  pair  of  equilibrating  couples 
having  OY  for  axis;  from  the 
consideration  of  which  we  infer 
that  the  forces  on  the  faces  (zy), 
parallel  to  OZ,  are  equal  to  the 
forces  on  the  faces  (yx),  parallel 
to  OX.  Similarly,  we  see  that 
the  forces  on  the  faces  (yx),  paral- 
lel to  OY,  are  equal  to  those  of  the  faces  (xz),  parallel  to  OZ; 
and  that  the  forces  on  (xz),  parallel  to  OX,  are  equal  to  those 
on  (zy),  parallel  to  OY. 


Speciflca- 
tion  of  a 
stress;  by  sii 
indepen- 
dent ele- 
ments: 
tlirw  simple 
longitudinul 
Btressfs, 
bnd  three 
Himple 
shearing 
stresses. 


Simplo  lon- 
friliidinal, 
and  sh<'ar- 
ing,  stresses. 


Force 
across  any 
surface  in 
terms  of 
rectaiiKular 
specifica- 
tion of 
stress. 


662.  Thus,  any  three  rectangular  planes  of  reference  being 
chosen,  we  may  take  six  elements  thus,  to  specify  a  stress:  P,  Q, 
R  the  normal  components  of  the  forces  on  these  planes;  and  S, 
T,  U  the  tangential  components,  respectively  perpendicular  to 
OX,  of  the  forces  on  the  two  planes  meeting  in  OX,  pei-pendicu- 
lar  to  0  F,  of  the  forces  on  the  planes  meeting  in  0  F,  and  per- 
pendicular to  OY,  of  the  forces  on  the  planes  meeting  in  0Y\  each 
of  the  six  forces  being  reckoned  per  unit  of  area.  A  normal  com- 
ponent will  be  reckoned  as  positive  when  it  is  a  traction  tending 
to  separate  the  portions  of  matter  on  the  two  sides  of  its  plane. 
P,  Q,  R  are  sometimes  called  longitudinal  stresses,  sometimes 
simple  normal  tractions,  and  S,  T,  U  shearing  stresses. 

From  these  data,  to  find  in  the  manner  exjtliiincd  in  §  660,  the 
force  on  any  plane,  specilied  by  /,  ?;»,  ii,  the  direction-cosines  of 
its  normal ;  let  such  a  plane  cut  (fX,  0  V,  OZ  in  the  three  points 
X,  Y,  Z.  Tlien,  if  the  area  XY^Z  be  denoted  for  a  moment  by 
A,  the  areas  YOZ,  ZQX,  XOY,  being  its  projections  on  the  three 
rectangulai*  ])lanes,  will  be  respectively  equal  to  Al,  Am,  An. 
Hence,  for  the  equilibrium  of  the  tetrahedron  of  matter  bounded 
by  those  four  triangles,  we  have,   if  F,  0,  II  denote  the  com- 
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ponents  of  the  force  experienced  by  the  first  of  them,  XYZ,  per  Force 

•  j.      ,•  • ,  across  any 

unit  of  Its  area,  surface  in 

terras  of 
F  .  A  -P.  lA  +  U .  mA  +  T .  nA,  rectangular 

specifica- 

and  the  two  symmetrical  equations  for  the  components  parallel  to  stress. 

OJTand  OZ.     Hence,  dividing  by  A,  we  conchide 

F^Fl+  Urn  +  Tn\ 

G  =  Ul  +  Qm  +  Sn[ (1). 

B=Tl  +  Sm+Fn] 

These  expressions  stand  in  the  well-known  relation  to  the 
ellipsoid 

Px'+Qy-+Rz^+2{Syz  +  Tzx+Uxy)  =  \ (2), 

according  to  which,  if  we  take 

x  =  lr,     y-  mr,     z  =  nr, 

and  if  X,  yu,,  v  denote  the  direction-cosines  and  p  the  length  of  the 
pei'pendicular  from  the  centre  to  the  tangent  plane  at  {x,  y,  z)  of 
the  ellipsoid,  we  have 


F=^,  G=-^,  ff=^. 
pr  pr  pr 


"We  conclude  that 


663.  For  any  fully  specified   state  of  stress  in  a  solid,  a  stress- 
quadric  surface  may  always  be  determined,  which  shall  represent  ^" 
the  stress  graphically  in  the  following  manner: — 

To  find  the  direction,  and  the  amount  per  unit  area,  of  the 
force  acting  across  any  plane  in  the  solid,  draw  a  radius  per- 
pendicular to  this  plane  from  the  centre  of  the  quadric  to  its 
surface.  The  required  force  will  be  equal  to  the  reciprocal  of 
the  product  of  the  length  of  this  radius  into  the  perpendicular 
from  the  centre  to  the  tangent  plane  at  the  extremity  of  the 
radius,  and  will  be  perpendicular  to  this  tangent  plane. 

664.  From  this  it  follows  that  for  any  stress  whatever  there  Principal 
are  three  determinate  planes  at  right  angles  to  one  another  such  Les  of  a° 
that  the  force  acting  in  the  solid  across  each  of  them  is  precisely 
perpendicular  to  it.     These  planes  are  called  the  principal  or 
normal  planes  of  the  stress;  the  forces  upon  them,  per  unit  area, 

— its  principal  or  normal  tractions;  and  the  lines  perpendicular 


208 


ABSTRACT   DYNAMICS. 


[ti64. 


Principal 
planes  and 
axes  of  a 
atres!). 


Varieties 
of  strrss- 
qtiadric. 


Composition 
of  strctscs. 


L11W.S  of 
strain  nnd 
Btri'ss  com- 
pared. 


to  them, — its  principal  or  normal  axes,  or  simply  its  axes.  The 
three  principal  semi-diameters  of  the  quadric  surface  are  equal 
to  the  reciprocals  of  the  square  roots  of  the  principal  tractions. 
If,  however,  in  any  case  each  of  the  three  principal  tractions 
is  negative,  it  will  be  convenient  to  reckon  them  rather  as 
pressures;  the  reciprocals  of  the  square  roots  of  which  will  be 
the  semi-axes  of  a  real  stress-ellipsoid  representing  tiie  distri- 
bution of  force  in  the  inanufir  explained  above,  with  pressure 
substituted  throughout  for  traction. 

665.  When  the  three  principal  tractions  are  all  of  one  sign, 
the  stress-quadric  is  an  ellipsoid;  the  cases  of  an  ellipsoid  of 
revolution  and  a  sphere  being  included,  as  those  in  which  two, 
or  all  three,  are  equal.  When  one  of  the  three  is  negative  and 
the  two  others  positive,  the  surface  is  a  hyperboloid  of  one  sheet. 
When  one  of  the  normal  tractitjns  is  positive  and  the  two  others 
negative,  the  surface  is  a  hyperboh^id  of  two  sheets. 

666.  When  one  of  the  three  principal  tractions  vani-shes, 
while  the  other  two  are  finite,  the  stress-quadric  becomes  a 
cylinder,  circular,  elliptic,  or  hyperbolic,  according  as  the  other 
two  are  equal,  unequal,  of  one  sign,  or  of  contrary  sign.s.  When 
two  of  the  three  vanish,  the  quadric  becomes  two  planes;  and 
the  stress  in  this  case  is  (§  6(>2)  called  a  simple  longitudinal 
stress.  The  theory  of  principal  pianos,  and  principal  or  normal 
tractions,  just  stated  (§  604),  is  then  equivalent  to  saying  that 
any  stress  whatever  may  be  regarded  as  made  up  of  three 
simple  longitudinal  stresses  in  three  rectangular  directions. 
The  geometrical  interpretations  are  obvious  in  all  these  cases. 

667.  The  composition  of  stresses  is  of  course  to  be  effected 
by  adding  the  component  tractions  thus: — If  {I\,Q^,  ^,,  S^,  T^,  f/",), 
{I\,  Q„  /?„  S„  T,,  CT,),  etc..  denote,  according  to  §  662,  any 
given  set  of  stresses  acting  simultaneously  in  a  substance,  their 
joint  effect  is  the  same  as  that  of  a  single  resultant  stress  of 
which  the  specification  in  corresponding  terms  is  (^P,  SQ,  1R, 

668.  Each  of  the  statements  that  have  now  been  made  (§§ 
659,  6G7)  regarding  stresses,  is  applicable  to  infinitely  small 
Ptrains,  if  for  traction  perpendicular  to  any  plane,  reckoned  per 
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unit  of  its  area,  we  substitute  elonqation,  in  the  lines  of  the  Laws  oi 

,  ,       strnin  and 

traction,  reckoned  per  unit  of  length;  and  for  half  the  tanrjential  stress  com- 
traction  parallel  to  any  direction,  shear  in  the  same  direction 
reckoned  in  the  manner  explained  in  §  175.  The  student  will 
find  it  a  useful  exercise  to  study  in  detail  this  transference  of 
each  one  of  those  statements,  and  to  justify  it  by  modifying  ia 
the  proper  manner  the  results  of  §§  171,  172,  173,  174,  175, 
185,  to  adapt  them  to  infinitely  small  strains.  It  must  be  re- 
marked that  the  strain-quadric  thus  formed  according  to  the 
rule  of  §  663,  which  may  have  any  of  the  varieties  of  character 
mentioned  in  §§  665,  666,  is  not  the  same  as  the  strain-ellipsoid 
of  §  160,  which  is  always  essentially  an  ellipsoid,  and  which,  for 
an  infinitely  small  strain,  differs  infinitely  little  from  a  sphere. 

The  comparison  of  §  172,  with  the  result  of  §  661  regarding 
tangential  tractions,  is  particularly  interesting  and  important. 

669.  The  following  schedule  of  the  meaning  of  the  elements 
constituting  the  corresponding  rectangular  specifications  of  a 
strain  and  stress  explained  in  preceding  sections,  will  be  found 
convenient: — 


Compc 
ofl 
strain. 

ments 
the 
stress. 

e 

P 

f 

Q 

9 

R 

a 

S 

h 

T 

c 

U 

Planes;  of  which 

relative  motion,  or 

across  which  force 

is  reckoned. 

yz 

zx 

xy 

jyx 
[zx 

Kxy 
(xz 


Direction 
of  relative 
motion  or 
of  force. 

X 

y 

z 

y 


X 


Rectangular 
elements  of 
strains  and 
stresses. 


X 

y 


670.     If  a  unit  cube  of  matter,  given  under  any  stress  (P.  Q.  Work  done 

,  .  '  °  .   -^  .  ^    '    ^     by  a  stress 

R,  S,  T,  u),  be  subjected  further  to  such  infinitesimal  change  wthina 
of  this  stress  as  shall  produce  an  infinitely  small  simple  longi-  solid, 
tudinal  strain  e  alone,  the  work  done  on  it  will  be  Pe;  since,  of 
VOL.  II.  14) 
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the  component  forces  P,  U,  7*  parallel  to  OX,  ?7and  Tdono 
work  in  virtue  of  this  strain.  Similarly  Qf,  Rg  are  the  works 
done  if,  the  same  stress  acting,  infinitesimal  strains  f  or  g  are 
produced,  either  of  them  alone.  Again,  if  the  cube  experiences 
a  simple  shear,  a,  whether  we  regard  it  (§  172)  as  a  differential 
sliding  of  the  planes  yx^  parallel  to  y,  or  of  the  planes  zx, 
parallel  to  z,  we  see  that  the  work  done  is  Sa :  and  similarly, 
Th  if  the  strain  is  simply  a  shear  h,  parallel  to  OZ,  of  planes  ay, 
or  parallel  to  OX,  of  planes  xy:  and  Uc  if  the  strain  is  a  shear  c, 
parallel  to  OX,  of  planes  xz,  or  parallel  to  0  Y,  of  planes  yz. 
Hence  the  whole  work  done  by  the  stress  (P,  Q,  R,  S,  T,  U)  on 
a  unit  cube  taking  the  additional  infinitesimal  strain  (e,  /,  g, 
a,  b,  c),  while  the  stress  varies  only  infinitesimally,  is 

Fe  +  Qf+Rg  +  Sa  +  Tb+Uc (3). 

It  is  to  be  remarked  that,  inasmuch  as  the  action  called  a  stress 
is  a  system  of  forces  which  balance  one  another  if  the  portion 
of  matter  experiencing  it  is  rigid,  it  cannot  (§  551)  do  any  work 
when  the  matter  moves  in  any  way  without  change  of  shape: 
and  therefore  no  amount  of  translation  or  rotation  of  the  cube 
taking  place  along  with  the  strain  can  render  the  amount  of 
work  done  different  from  that  just  found. 

If  the  side  of  the  cube  be  of  any  length  p,  instead  of  unity, 
each  force  will  be  p^  times,  and  each  relative  displacement  p 
times;  and  therefore  the  work  done  p'  times  the  res|>ective 
amounts  reckoned  above.  Hence  a  body  of  any  shape,  and 
of  cubic  content  0,  subjected  throughout  to  a  uniform  stress 
(P,  Q,  R,  S,  T,  U)  while  taking  uniformly  throughout  an  ad- 
ditional strain  {e,f,  g,  a,  b,  c),  experiences  an  amount  of  work 
equal  to 

(Pe-\-Q/+Rg  +  Sa+  Tb-\-Uc)G (4). 

It  is  to  be  remarked  that  this  is  necessarily  equal  to  the  work 
done  on  the  bounding  surface  of  the  body  by  forces  applied  to  it 
from  without.  For  the  work  done  on  any  portion  of  matter 
within  the  body  is  simply  that  done  on  its  surface  by  the  matter 
touching  it  all  round,  as  no  force  acts  at  a  distance  from  without 
on  the  interior  substance.  Hence  if  we  imagine  the  whole  body 
divided  into  any  number  of  parts,  each  of  any  shape,  the  sura 
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of  the  works  done  on  all  these  parts  is,  by  the  disappearance  of  Work  done 

^  ''  •■  '^  on  the  8ur- 

equal  positive  and  negative  terms  expressing  the  portions  of  the  face  of  a 
work  done  on  each  part  by  the  contiguous  parts  on  all  its  sides,  so'id- 
and  spent  by  these  other  parts  in  this  action,  reduced  to  the 
integral  amount  of  work  done  by  force  from  without,  applied  all 
round  the  outer  surface. 

The  analytical  verification  of  this  is  instructive  with  regard  to 
the  syntax  of  the  mathematical  language  in  which  the  theory  of 
the  transmission  of  force  is  expressed.  Let  x,  y,  z  be  the  co- 
ordinates of  any  point  within  the  body ;  W  the  whole  amount 
of  work  done  in  the  circumstances  specified  above  ;  and  jjj  in- 
tegration extended  throughout  the  space  occupied  by  the  body; 
BO  that 

W  =  fJJ(Pe  +  Qf+  Rg  +  Sa+Tb+  Uc)  dxdydz (5). 

If  now  we  denote  by  a,  p,  y  the  component  displacements  of  any 

point  of  the  matter  infinitely  near  the  point  {x,  y,  z),  experienced 

when  the  additional  strain  (e,  f,  g,  a,  b,  c)  takes  place,  whether 

non-rotationally  (§  182)  and  with  some  point  of  the  body  fixed, 

or  with  any  motion  of  translation  whatever  and  any  infinitely 

small  rotation,  by  adapting  §  181  (5)  to  infinitely  small  strains 

according  to   our   present   notation    (§  669),    and    using   in   it  strain-com- 

§  190  (e),  we  have  foTmsol" dis- 

placement. 


a  = 


da                        dfi 
dx'              ^     dy' 

dy 

dB      dy        .      dy      da 
az      dy             ax      dz 

da 

dy 

dj 

dx 


r 

J 


(6). 


With  these,  (5)  becomes  ^^^^  ^^,,,3 

through 


Hence  by  integration 

^V=//[(-Pa+f'^+^7)'¥'2  +  ('^'a  +  Qi3  +  S7)rfrcix  +  {ra  +  S^  +  i27)dx(Zi/] (8), 

the  limits  of  the  integrations  being  so  taken  that,  if  d<j  denote 
an  element  of  the  bounding  surface,  //  integration  all  over  it,  anil 
I,  m,  n  the  direction-cosines  of  the  normal  at  any  point  of  it,  the 
expression  means  the  same  as 

W  =  J7{(Pa+  up  +  Ty)l+  {Ua  +  Ql3  +  Sy)m  +  {Ta+S(3+jRy)H}do'...(9); 

1-1—2 


interior; 


212  ABSTRACT   DYNAMICS.  [670. 

which,  with  the  terms  grouped  otherwise,  becomes 

W=fj{{Pl+Um  +  T7i)a+{m+Qm+Sn)fi  +  {TUSm+R7i)y}d<T... {10). 

workdml***  The  second  member  of  this,  in  virtue  of  (1),  expresses  directly 

on  surface.  ^jjg  work  done  by  the  forces  applied  from  without  to  the  bounding 

surface. 

uifferentiai       671.     If,  now,  wc  suppose  the  body  to  yield  to  a  stress  (P,  Q, 

equation  of  '  '  x  i  ^  .  \      .    ^ 

work  done    ]{  S,  T,  U),  aud  to  oppose  this  stress  only  with  its  innate  resist- 
by  a  stress.       '     '     1      /»  x-r  J 

ance  to  change  of  shape,  the  differential  equation  of  work  done 
will  [by  (4)  with  de,  df,  etc.,  substituted  for  e,f,  etc.]  be 

dw  =  Pde  +  Qdf+  BJg  +  Sda+  Tdb+  Udc (11), 

if  w  denote  the  whole  amount  of  work  done  per  unit  of  volume 
in  any  part  of  the  body  while  the  substance  in  this  part  ex- 
periences a  strain  (e,  f,  g,  a,  b,  c)  from  some  initial  state  re- 
Physicaiap-  rrarded  as  a  state  of  no  strain.     This  equation,  as  we  shall  see 

plication.       ^  in  •  r  ■%*  i  ii- 

later,  under  rroperties  of  Matter,  expresses  the  work  done  in 
a  natural  fluid,  by  distorting  stress  (or  difference  of  pressure  in 
different  directions)  working  against  its  innate  viscosity;  and 
w  is  then,  according  to  Joule's  discovery,  the  dynamic  value  of 
the  heat  generated  in  the  process.  The  equation  may  also  be 
applied  to  express  tlie  work  done  in  straining  an  imperfectly 
elastic  solid,  or  an  elastic  solid  of  which  the  temperature  varies 
during  the  process.  In  all  such  applications  the  stress  will 
depend  partly  on  the  speed  of  the  straining  motion,  or  on  the 
varying  temperature,  and  not  at  all,  or  not  solely,  on  the  state 
of  strain  at  any  moment,  and  the  system  will  not  be  dynamically 
conservative. 

Perfectly  672.    Definition. — A   perfectly  ela.stic  bodv  is  a  body  which, 

dpflnod.  ill  when  brought  to  any  one  state  of  strain,  requires  at  all  times 
dynamics,  the  samc  strcss  to  hold  it  in  this  state;  however  long  it  be 
kept  straiued,  or  however  rapiiUy  its  state  be  altered  from  any 
other  strain,  or  from  no  strain,  to  the  strain  in  question.  Here, 
according  to  our  plan  (§§  443,  448)  for  Abstract  Dynamics,  we 
ignt^re  variation  of  temjierature  in  the  body.  If,  however,  we 
add  a  condition  of  absolutely  no  variation  of  temperature,  or 
of  recurrence  to  one  specified  temperature  after  changes  of 
strain,  we  liave  a  definition  of  that  property  of  perfect  elasticity 
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towards  which  highly  elastic  bodies  in  nature  approximate;  and  itscon- 
which  is  rigorously  fulfilled  by  all  fluids,  and  may  be   so  by  fulfilment 

,  1  IT-.'  1  '"  nature, 

some  real  solids,  as  homogeneous  crystals.  But  inasmuch  as 
the  elastic  reaction  of  every  kind  of  body  against  strain  varies 
with  varying  temperature,  and  (a  thermodynamic  consequence 
of  this,  as  we  shall  see  later)  any  increase  or  diminution  of 
strain  in  an  elastic  body  is  necessarily  accompanied  by  a 
change  of  temperature;  even  a  perfectly  elastic  body  could  not, 
in  passing  through  different  strains,  act  as  a  rigorously  conser- 
vative system,  but,  on  the  contrary,  must  give  rise  to  dissipation 
of  energy  in  consequence  of  the  conduction  or  radiation  of  heat 
induced  by  these  changes  of  temperature. 

But  by  making  the  changes  of  strain  quickly  enough  to  pre- 
vent any  sensible  equalization  of  temperature  by  conduction  or 
radiation  (as,  for  instance,  Stokes  has  shown,  is  done  in  sound 
of  musical  notes  travelling  through  air) ;  or  by  making  them 
slowly  enough  to  allow  the  temperature  to  be  maintained 
sensibly  constant*  by  proper  appliances ;  any  highly  elastic,  or 
perfectly  elastic  body  in  nature  may  be  got  to  act  very  nearly 
as  a  conservative  system. 

673.   In  nature,  therefore,  the  integral  amount,  to,  of  work  Potential 

6n6ryrv  of 

defined  as  above,  is  for  a  perfectly  elastic   body,  independent  an  elastic 
(§  274)    of   the   series   of  configurations,    or   states   of  strain,  strained, 
through   which   it   may  have  been  brought  from  the  first  to 
the  second   of  the   specified    conditions,  provided   it  has   not 
been  allowed  to  change  sensibly  in   temperature   during   the 
process. 

The  analytical  statement  is  that  the  expression  (11)  for  dw 
must  be  the  differential  of  a  function  of  e,  f,  g,  a,  b,  c,  regarded 
as  independent  variables  ;  or,  which  means  the  same,  lo  is  a 
function  of  these  elements,  and 


(12). 


p     dw 

^      de' 

^-df 

EJf, 
dg' 

dw 
^=da' 

dw 
^~db' 

dc 

*  "On  the  Thennoflastic  and  Thermomagnetic  Properties  of  Matter" 
(W.Thomson).  Quarterly  Journal  of  Mathematics.  April,  1855;  Mathematical 
and  Physical  Papers,  Art.  xLvni.  Part  vn. 
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K13). 


In  Appendix  C,  we  shall  return  to  the  comprehensive  analytical 
treatment  of  this  theory,  not  confining  it  to  infinitely  small  strains 
for  which  alone  the  notation  (e,  /,  ...),  as  defined  in  §  6G9,  is 
convenient.  In  the  moantime,  we  shall  only  say  that  when  the 
whole  amount  of  strain  is  infinitely  small,  an<l  the  stress-com- 
ponents are  therefore  all  altered  in  the  same  ratio  as  the  strain- 
components  if  these  are  altered  all  in  any  one  ratio;  lo  must  be  a 
homogeneous  quadratic  function  of  the  six  variables  e,/,  g.,  a,  6,  c, 
which,  if  we  denote  by  {e,  e),  (/,/)...(«,/)...  constants  depend- 
.ing  on  the  quality  of  the  substance  and  on  the  directions  chosen 
for  the  axes  of  co-ordinates,  we  may  write  as  follows: — 

w-i  {{e,  e)  e'  +  {/,/)/'+  (g,  g)  g'  +  (a,  a)  a'+  {b,  b)  b'+  (c,  c)  c* 

+  2  {e,/)c/+  2{e,  g)eg  +  2{e,  a)ea  +  2  {e,  b)eb  +  2{e,  c)ec 

+  2  (/,  9)/g  +  2  (/,  a)  fa  +  2  (J,  b)/b  +  2  (/,  c)fc 

+  2  {g, a)ga  +  2  (g,  b)gb  +  2  (g, c)gc 

+  2  (a,  b)  ab  +  2{a,c)ac 

+  2{b,c)bc}_ 

The  21  coefficients  (e,  e),  (/,/)... (b,  c),  in  this  expression  con- 
stitute the  21  "coefficients  of  elasticity,"  which  Green  first 
showed  to  be  proper  and  essential  for  a  complete  theory  of  the 
dynamics  of  an  elastic  solid  subjected  to  infinitely  small  strains. 
The  only  condition  that  can  be  theoretically  imposed  upon  these 
coefficients  is  that  they  nitist  not  permit  w  to  become  negative  for 
any  values,  positive  or  negative,  of  the  strain-components  e,/,.... 
Un  ler  Properties  of  Matter,  we  shall  see  that  an  untenable  theory 
(Boscovich's),  falsely  worked  out  by  mathematicians,  has  led  to 
relations  among  the  coefficients  of  elasticity  which  exjteriment  has 
proved  to  be  false. 

Eliminating  w  from  (12)  by  (13)  we  have 

F={e,e)e+  («,/)/+  («,  g)g  +  {e,  a)a  +  («,  b)b  +  (e,  c)  c  -j 
Q-{e,/)e+{/,/)/+{/,g)g  +  {/,a)a4.(/,b)b-^{/,c)c 

etc.  etc. 

etc.  etc. 


(U). 


These  equations  express  the  six  components  of  stress  (P,  Q,  R, 
<S',  T,  U)  as  linear  functions  of  the  six  components  of  strain 
(«. /j^»«>ft.  c)  with  15  equalities  [namely  ('',/)  =  {/,  e),  etc] 
among  their  36  coefficients,  which  leave  only  21  of  them  inde- 


673.1 


STATICS. 


215 


pendent.  The  mere  principle  of  superposition  (which  we  have 
used  above  in  establishing  the  quadratic  form  for  w)  might 
have  been  directly  applied  to  demonstrate  linear  foruuilse  for  the 
stress-components.  Thus  it  is  that  some  authors  have  been  led  to 
lay  down,  as  the  foundation  of  the  most  general  possible  theory 
of  elasticity,  six  equations  involving  36  coefficients  supposed 
to  be  independent.  But  it  is  only  by  the  principle  of  energy  that, 
as  first  discovered  by  Green,  the  fifteen  pairs  of  these  coefficients 
are  proved  to  be  equal. 

The  algebraic  transformation  of  equations  (14)  to  express  the 
strain-components  singly,  by  linear  functions  of  the  stress-com- 
ponents, may  be  directly  effected  of  course  by  forming  the  proper 
determinants  from  the  36  coefficients,  and  taking  the  36  proper 
quotients.  From  a  known  determinantal  theorem,  used  also 
above  [§  313  (c^)],  it  follows  that  there  are  15  equalities  between 
pairs  of  these  36  quotients,  because  of  the  15  equalities  in  pairs 
of  the  coefficients  oi  e,  f,  etc.,  in  (14).     Thus,  if  we  denote  by 

[P,P\[Q,Ql...[P,Ql  ...  [Q,P]  ... 

the  set  of  36  determinantal  quotients  found  by  that  process  (being, 
therefore,  known  algebraic  functions  of  the  original  coefficients 
{e,  e),  (/,/),  ...  etc.),  we  have 

e^[P,P]P+[P,Q]Q  +  [P,K\R+[P,S]S+[P,T]T+[P,U]U' 
f=[Q,P]P+[Q,Q]Q^[Q,R]R+[Q,S]S+[Q,T]T+[Q,U]Uy..{l(j)', 
etc.  etc. 

and  these  new  coefficients  satisfy  15  equations 

[P,Q'\=[Q,Pl  [P,R]  =  [R,P] (17). 

By  v/hat  we  proved  in  §  313  {d)  when  engaged  with  precisely 
the  same  algebraic  transformation,  we  see  that  [P,  P],  \Q,  Q'],  ..., 
[P,  Q\  ...  are  simply  the  coefficients  of  P",  Q^,  ...,  2PQ,  ...  in  the 
expression  for  2to  obtained  by  eliminating  e,f,  ...  from  (13),  so 
that 

w=^,{[P,P]P'-^[Q,Q]Q'  +  ...+2[P,Q]PQ+'2[P,R-\PR+...}...{l^y, 


stress-com- 
ponents ex- 
pressed in 
terms  of 
strain. 


Strain- 
components 
ixpressed 
in  terms 
of  stress. 


and 


e  = 

dw 
jlPj 

,/= 

~dw~ 

a  = 

'dw' 
dS_ 

,  b  = 

~dw  ' 
dT 

I—             _ 

dw' 


•(19); 


* 

-5^ 
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Stmin- 
conipoiifiits 
expressed 
ill  terms 
of  stress. 


where  the  In-ackots  [  ]  denote  the  piirtial  differential  coefficienta 
taken  on  the  supposition  that  w  is  expressed  as  a  function  of 
P,  Q,  etc.,  as  in  (19);  to  distinguish  them  from  those  of  equations 
(12)  which  were  taken  on  the  supposition  that  to  is  exi)res8ed 
as  a  function  of  e,  /,  etc.,  ;is  in  (13).  We  have  also,  as  in 
§313  (of), 

w  =  l{Pe  +  Q/+  Rg  +  Sa  -^- Tb  +  Uc) (20); 

which  might  have  been  put  do^vn  in  the  beginning,  as  it  simply 
expresses  that 

Averajre  674.     The  average  stress,  due  to  elasticity  of  the  solid,  when 

ihroujjhany  strained  from  its  natural  condition  to  that  of  strain  {e,f,  g,  a,  b,c) 
•train.         is  (as  from  the  assumed  applicability  of  the  principle  of  super- 
position we  see  it  must  be)  just  half  the  stress  required  to  keep 
it  in  this  state  of  strain. 


Compare 
§  670,  (3)  (4) 
(6). 


Homogene- 

oustipss 

defliied. 


Molecular 
hypothesis 


a.isnnus  a 
Very  rtne 
rrmined 
t<'xtiiro  in 
crystals, 
but  no 
ultimate 
honicfrfip- 
ousncss. 


675.  A  body  is  called  homogeneous  when  any  two  equal, 
similar  parts  of  it,  with  corresponding  lines  parallel  and  turned 
towards  the  same  parts,  are  undistinguishable  from  one  another 
by  any  difference  in  quality.  The  perfect  fulfilment  of  this 
condition  without  any  limit  as  to  the  smalluess  of  the  parts, 
though  conceivable,  is  not  generally  regarded  as  probable  for 
any  of  the  real  solids  or  fluids  known  to  us,  however  seemingly 
homogeneous.  It  is,  we  believe,  held  by  all  naturalists  that 
there  is  a  molecular  structure,  according  to  which,  in  compound 
bodies  such  as  water,  ice,  rock-crystal,  etc.,  the  constituent 
substances  lie  side  by  side,  or  arranged  in  groups  of  finite 
dimensions,  and  even  in  bodies  called  simjile  {i.e.,  not  known 
to  be  chemically  resolvable  into  other  substances)  there  is  no 
ultimate  homogeneousness.  In  other  words,  the  prevailing 
belief  is  that  every  kind  of  matter  with  which  we  are  acquainted 
has  a  more  or  less  coarse-grained  texture,  whether  having  visible 
molecules,  as  great  masses  of  solid  stone-  or  brick-building,  or 
natural  granite  or  sandstone  rocks ;  or,  molecules  too  small  to 
be  visible  or  directly  measureable  by  us  (but  not  infinitely  small)* 
in  seemingly  homogeneous   metals,  or   continuous   crystals,  or 

•  Probably  not  unditcoverably  Bmall,  although  of  dimeasioua  uot  yet  known 
to  as.    See  Appcadix  l\  on  "  Size  of  Atoms." 
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liquids,  or  gases.     We  must  of  course  return  to  this  subject 
under  Properties  of  Matter ;  and  in  the  meantime  need  onlv  Scales  of 

IT  '  '^    average 

say  that  the  definition  of  homogeneousness  may  be  applied  homopene- 
practically  on  a  very  large  scale  to  masses  of  building  or  coarse- 
grained conglomerate  rock,  or  on  a  more  moderate  scale  to 
blocks  of  common  sandstone,  or  on  a  very  small  scale  to  seem- 
ingly homogeneous  metals*;  or  on  a  scale  of  extreme,  undis- 
covered fineness,  to  vitreous  bodies,  continuous  crystals,  solidified 
gums,  as  India  rubber,  gum-arabic,  etc.,  and  fluids. 

676,  The  substance  of  a  homogeneous  solid  is  called  iso-  isotropic 
tropic  when  a  spherical  portion  of  it,  tested  by  any  physical  tropic 
agency,  exhibits  no  difference  in  quality  however  it  is  turned,  defined. 
Or,  which  amounts  to  the  same,  a  cubical  portion  cut  from  any 
position  in  an  isotropic  body  exhibits  the  same  qualities  rela- 
tively to  each  pair  of  parallel  faces.     Or  two  equal  and  similar 
portions  cut  from  any  positions  in  the  body,  not  subject  to  the 
condition  of  parallelism  (§  675),  are  undistinguishable  from  one 
another.     A  substance  which  is  not  isotropic,  but  exhibits  dif- 
ferences of  quality  in  different  directions,  is  called  eolotropic. 

677.  An  individual  body,  or  the  substance  of  a  homogeneous  isotropy 
solid,  may  be  isotropic  in  one  quality  or  class  of  qualities,  but  tropy  of* 

.      .         j^i  different 

eolotropic  m  otners.  sets  ot 

properties. 

Thus  in  abstract  dynamics  a  rigid  body,  or  a  group  of  bodies 
rigidly  connected,  contained  within  and  rigidly  attached  to  a 
rifid  spherical  surface,  is  kinetically  symmetrical  (§  285)  if  its 
centre  of  inertia  is  at  the  centre  of  the  sphere,  and  if  its  moments 
of  inertia  are  equal  round  all  diameters.  It  is  also  isotropic 
relatively  to  gravitation  if  it  is  centrobaric  (§  534),  so  that  the 
centre  of  a  figure  is  not  merely  a  centre  of  inertia,  but  a  true 
centre  of  gravity.  Or  a  transparent  substance  may  transmit 
licrht  at  different  velocities  in  different  directions  through  it 
(that  is,  be  doubly  refracting),  and  yet  a  cube  of  it  may  (and 
generally  does  in  natural  crystals)  absorb  the  same  part  of  a 
beam  of  white  light  transmitted  across  it  perpendicularly  to 

*  Which,  hovrever,  we  know,  as  recently  proved  by  Deville  and  Van  Troost, 
Sire  porous  enough  at  high  temperatures  to  allow  very  free  percolation  of  gases. 
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any  of  its  three  pairs  of  faces.  Or  (as  a  crystal  which  exhibits 
dichroism)  it  may  be  eolotropic  relatively  to  the  latter,  or  to 
either  optic  quality,  and  yet  it  may  conduct  heat  equally  in  all 
directions. 

Practical  678.     The   remarks   of  §  G75  relative   to  homogeneousness 

limitation       .  ,       ,  i        i    •  i       i 

of  isoimpy,  m  tiie  aggregate,  and  tlie  supposed  ultimately  heterogeneous 

and  homo-  •       i        i 

gencousiiess  texture    of    all    substances   however   seemm^ly   homogeneous, 
ofoolo-         ...  ......  .  °.  °         .     , 

tropy,  to  the  indicate  corresponding   limitations   and  non-rigorous   practical 

avtTiiei'  in  .  _  . 

the  dKKiv-    interpretations  of  isotropy. 

molecules. 

Conditions  679.  To  be  clastically  isotropic,  wc  see  first  that  a  spherical 
elastic  or  cubical  portion  of  any  solid,  if  subjected  to  uniform  normal 
pressure  (positive  or  negative)  all  round,  must,  in  yielding, 
experience  no  deformation  :  and  therefore  must  be  equally  com- 
prcs.sed  (or  dilated)  in  all  directions.  But,  further,  a  cube  cut 
from  any  position  in  it,  and  acted  on  by  tangential  or  shearing 
stress  (§  662)  in  planes  parallel  to  two  pairs  of  its  sides,  must 
experience  simple  deformation,  or  shear  (§  171).  in  the  same 
direction,  unaccompanied  by  condensation  or  dilatation*,  and 
the  same  in  amount  for  all  the  three  ways  in  which  a  stress 
may  be  thus  applied  to  any  one  cube,  and  for  different  cubes 
taken  from  any  different  positions  in  the  solid. 

MeaHuros.f      680.     Heuco  the  clastic  quality  of  a  perfectly  elastic,  homo- 
tocompros-  geiicous,  isotropic  solid  is  fully  defined  by  two  elements; — its 

sion  and  re-  .  .  ,.  .  ij-^j.-  mi 

8i9taiiceto  resistance  to  compression,  and  its  resistance  to  distortion.  Ine 
amount  of  uniform  pressure  in  all  directions,  per  unit  area  of 
its  surface,  required  to  produce  a  stated  very  small  compression, 
measures  the  first  of  these,  and  the  amount  of  the  shearing 
stress  required  to  produce  a  stated  amount  of  shear  measures 

•  It  must  bo  remembered  that  the  chjinges  of  figure  and  volume  wp  arc  con- 
cerned with  are  so  Rniall  that  the  principle  of  superposition  is  applicable;  so 
that  if  any  nhearing  Btresa  produced  a  condensation,  an  opposite  shearing 
stress  would  produce  u  dilatation,  wliidi  is  a  violation  of  the  isotropic  condition. 
But  it  is  possible  that  a  shcarinK'  stress  may  produce,  in  a  truly  isotropic  solid, 
condensation  or  dilatation  in  proportion  to  the  square  of  its  value:  and  it  is 
probable  that  such  efifects  may  be  sensible  in  India  rubber,  or  cork,  or  other 
bodies  susceptible  of  great  deformations  or  compressions,  with  persistent  elas- 
ticity. 
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the  second.     The  numerical  measure  of  the  first  is  the  com- 
pressing  pressure   divided  by  the   diminution   of  the  bulk  of 
a  portion  of  the  substance  ^vhich,  when  uncompressed,  occupies 
the  unit   volume.     It  is    sometimes    called    the    elasticity   o/Buik- 
volume,  or  the  resistance  to  compression,  or  the  bulk-modulus  modulus  of 
of  elasticity  or  the  modulus  of  compression.     Its  reciprocal,  or  sion. 
the  amount  of  compression  on  unit  of  volume  divided  by  the 
compressing  pressure,  or,  as  we  may  conveniently  say,  the  com- 
pression per  unit  of  volume,  per  unit  of  compressing  pressure, 
is  commonly  called  the  compressibility.     The  second,  or  resist-  Compres- 
ance  to  change  of  shape,  is  measured  by  the  tangential  stress 
(reckoned  as  in  S  662)  divided  by  the  amount  of  the  distortion  Rigidity,  or 

^  .  .  .  elas/iaity 

or  shear  (§  175)  which  it  produces,  and  is  called  the  modulus  f-f.^'^^^' 
of  rigidity,   or   for  brevity  rigidity   of  the   substance,  or   its 
elasticity  of  figure. 

681.  From  §  169  it  follows  that  a  strain  compounded  of  a 
simple  extension  in  one  set  of  parallels,  and  a  simple  contrac- 
tion of  equal  amount  in  any  other  set  perpendicular  to  those, 

is  the  same  as  a  simple  shear  in  either  of  the  two   sets   of  Discrepant 
planes   cutting   the   two   sets   of  parallels   at   45".      And   the  of  shear  and 
numerical  measure  (S  175)  of  this  shear,  or  simple  distortion,  stress,  from 

7      7  7       1  f     ^         ^  •  .the  simple 

IS  equal  to  double  the  amount  oi  the  elongation  or  contraction  longitudinal 

ic  •pii\o-'ii  strains  or 

Teach  measured,  of  course,  per  unit  of  length),     similarly,  we  stresses  re- 

o  ,  1  •       T       1  •  /  •  N  spectively 

see  (§  668)  that  a  longitudinal  traction  (or  negative  pressure)  involved, 
parallel  to  one  line,  and  an  equal  longitudinal  positive  pressure 
parallel  to  any  line  at  right  angles  to  it,  is  equivalent  to 
a  shearing  stress  of  tangential  tractions  (§  661)  parallel  to 
the  planes  which  cut  those  lines  at  45''.  And  the  numerical 
measure  of  this  shearing  stress,  being  (§  662)  the  amount  of 
the  tangential  traction  in  either  set  of  planes,  is  equal  to  the 
amount  of  the  positive  or  negative  normal  pressure,  not 
doubled. 

682.  Since   then  any  stress  whatever  may  be  made  up  of  strain  pro- 
simple  longitudinal  stresses,  it  follows  that,  to  find  the  relation  a  sinpie 

11  •  1  1   1       •.  1  1     lonjtitudinal 

between  any  stress  and  the  strain  produced  by  it,  we  have  only  stress. 
to  find  the    strain    produced    by  a  single   longitudinal    stress, 
which  we  may  do  at  once  thus : — A  simple  longitudinal  stress, 
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Strain  pro- 
Uuciil  by 
a  sinnle 
longitudinal 
■tress. 


P,  is  equivalent  to  a  uniform 
dilating  tension  ^P  in  all  di- 
rections, compounded  with  two 
shearing  stresses,  each  equal  to 
^P,  and  having  a  common  axis 
in  the  line  of  the  given  longi- 
tudinal stress,  and  their  other 
two  axes  any  two  lines  at  right 
angles  to  one  another  and  to  it. 
The  diagram,  drawn  in  a  plane 
through  one  of  these  latter  lines, 
and  the  former,  suthciently  in- 
dicates the  synthesis;  the  only 
forces  not  shown  being  those  perpendicular  to  its  plane. 

Hence  if  n  denote  the  rigidity,  and  k  the  hulk-modulus 
[being  the  same  as  the  reciprocal  of  the  compressibility 
(§  680)],  the  effect  will  be  an  equal  dilatation  in  all  directions, 
amounting,  per  unit  of  volume,  to 


ip 
ip 
ip 

U>  iP^ 

{P  if 

\ 
\ 

ip 
ip 
ip 

1  7^ 

3-^ 


(1). 


compounded  with  two  equal  shears,  each  amounting  to 


n 


(2). 


and  having  (§  679)  their  axes  in  the  directions  just  stated  as 
those  of  the  shearing  stresses. 


683.  The  dilatation  and  two  shears  thus  determined  may 
be  conveniently  reduced  to  simple  longitudinal  strains  by  still 
following  the  indications  of  §  681,  thus: 

The  two  shears  together  constitute  an  elongation  amounting 
to  jP/rJ  in  the  direction  of  the  given  force,  P,  and  equal  contrac- 
tion amounting  to  ^P/n  in  all  directions  perpendicular  to  it. 
And  the  cubic  dilatation  i^P/k  implies  a  linear  dilatation,  equal 
in  all  directions,  amounting  to  ^P/k.  On  the  whole,  therefore, 
we  have 


Hence 
Young's 
modulus 
(§686) 
^  Onk 

(3).       ~o/c+n' 
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linear  elonsration  =  PiTr-  +  rrr)  ,  in  the  direction  of 

the  applied  stress,  and 

linear  contraction  =  P  (- -kt]  ,  in  ^H  directions 

Von      vkj 

perpendicular  to  the  applied  stress. 

684.     Hence  when  the  ends  of  a  column,  bar,  or  wire,  of 

isotropic  material,  are  acted  on  by  equal  and  opposite  forces, 

3A;  —  2^i 
it  experiences  a  lateral  linear  contraction,  equal  to  ^-.r, r  of  Ratiopf 

^  2(oa:  +  w)         lateral  con- 

.     traction  to 

the  lonsritudinal  dilatation,  each  reckoned   as   usual   per   unit  longitudinal 

o  '  _  -^  extension 

of  linear  measure.  One  specimen  of  the  fallacious  mathe- 
matics above  referred  to  (§  673),  is  a  celebrated  conclusion  of 
Navier's  and  Poisson's  that  this  ratio  is  \,  which  requires 
the  rigidity  to  be  f  of  the  bulk -modulus,  for  all  solids : 
and  which  was  first  shown  to  be  false  by  Stokes*  from 
many  obvious  observations,  proving  enormous  discrepancies 
from  it  in  many  well-known  bodies,  and  rendering  it  most  im- 
probable that  there  is  any  approach  to  a  constancy  of  ratio 
between  rigidity  and  bulk-modulus  in  any  class  of  solids. 
Thus  clear  elastic  jellies,  and  India  rubber,  present  familiar 
specimens  of  isotropic  homogeneous  solids,  which,  while  ditfer- 
ing  very  much  from  one  another  in  rigidity  ("stiffness"),  are 
probably  all  of  very  nearly  the  same  compressibility  as  water. 
This  being  -^^ooo  P®^  pound  per  square  inch;  the  bulk- 
modulus,  measured  by  its  reciprocal,  or,  as  we  may  read  it, 
"  308000  lbs.  per  square  inch,"  is  obviously  many  hundred 
times  the  absolute  amount  of  the  rigidity  of  the  stififest  of  those 
substances.  A  column  of  any  of  them,  therefore,  when  pressed 
together  or  pulled  out,  within  its  limits  of  elasticity,  by  balanc-  different  for 
ing  forces  applied  to  its  ends  (or  an  India-rubber  band  when  |^*'^*|"j.^^^ 
pulled  out),  experiences  no  sensible  change  of  volume,  though  Jeiiy  too 
very  sensible  change  of  length.  Hence  the  proportionate  ex- 
tension or  contraction  of  any  transverse  diameter  must  be 
sensibly  equal  to  ^  the  longitudinal  contraction  or  extension: 

*  Ou  the  Friction  of  Fluids  ia  Motion,  and  the  Equilibrium  and  Motion  of 
Elastic  Solids. — Trans.  Ccimb.  Phil.  Jour.,  April,  1845.  See  also  Camb.  and  Dub. 
Math.  Jour.,  March,  18-48. 
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diffrrent  for  and  for  all  orJinary  stresses,  such  substances  may  be  practically 

differei.i  ,     ,  .  -^  .,  ,         ,         .  ,.  ,  r,      , 

substances  regarded  as  incompressible  elastic  solids,  btokes  gave  reasons 
j.iiytoo  for  believing  that  metals  also  have  in  general  greater  resist- 
ance to  compression,  in  proportion  to  their  rigidities,  than 
according  to  the  fallacious  theory,  although  for  them  the  dis- 
crepancy is  very  much  loss  than  for  the  gelatinous  bodies.  This 
probable  conclusion  was  soon  experimentally  demonstrated  by 
Wertheim,  who  found  the  ratio  of  lateral  to  longitudinal  change 
of  linear  dimensions,  in  columns  acted  on  solely  by  longitudinal 
force,  to  be  about  ^  for  glass  and  brass  ;  and  by  Kirchhotf,  who, 
by  a  very  well-devised  experimental  method,  found  387  as  the 
value  of  that  ratio  for  brass,  and  294;  for  iron.  For  copper  we 
find  that  it  probably  lies  between  -226  and  ••i-il,  by  recent 
experiments*  of  our  own,  measuring  the  torsional  and  longi- 
tudinal rigidities  (§§  596,  599,  686)  of  a  copper  wire. 

Supposition  685.  All  these  results  indicate  rigidity  less  in  proportion  to 
perfe'c't'  the  bulk-modulus  than  according  to  Navier's  and  Poisson's 
^'undiesa.  theory.  And  it  has  been  supposed  by  many  naturalists,  who 
have  seen  the  necessity  of  abandoning  that  theory  as  inapplic- 
able to  ordinary  solids,  that  it  may  be  regarded  as  the  proper 
theory  for  an  ideal  'perfect  solid,  and  as  indicating  an  amount  of 
rigidity  not  quite  reached  in  any  real  substance,  but  approached 
to  in  some  of  the  most  rigid  of  natural  .solids  (as,  for  instance, 
iron).  But  it  is  scarcely  possible  to  hold  a  piece  of  cork  in  the 
hand  without  perceiving  the  fallaciousness  of  this  last  attempt 
to  maintain  a  theory  which  never  had  any  good  foundation. 
By  careful  measurements  on  columns  of  cork  of  various  forms 
(among  them,  cylindrical  pieces  cut  in  the  ordinary  way  for 
oottles)  before  and  after  compressing  them  longitudinally  in  a 
Bramah's  press,  we  have  found  that  the  change  of  lateral 
dimensions  is  insensible  both  with  small  longitudinal  contrac- 
tions and  return  dilatations,  within  the  limits  of  elasticity,  and 
with  such  enormous  longitudinal  contractions  as  to  ^  or  ^  of 
the  original  length.  It  is  thus  proved  decisively  that  cork  is 
much  more  rigid,  while  metals,  glass,  and  gelatinous  bodies  are 

•  On  the  Elasticity  and  Viscosity  of  Metals  (W.  Thomson).    Proc.  P.  S., 
May,  1865.     See  Art.  'Elasticity,'  Eneyc.  Britan. 
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all  less  rigid,  in  proportion  to  bulk-modulus  than  the  supposed 
"perfect  solid;"  and  the  utter  worthlessness  of  the  theory  is 
experimentally  demonstrated. 

686.     The  modulus  of  elasticity  of  a  bar,  wire,  fibre,  thin  Young's 
filament,  band,  or  cord  of  any  material  (of  which  the  substance  iTned!  "^ 
need  not  be  isotropic,  nor  even  homogeneous  within  one  normal 
section),  as  a  bar  of  glass  or  wood,  a  metal  wire,  a  natural  fibre, 
an  India-rubber  baud,  or  a  common  thread,  cord,  or  tape,  is 
a  term  introduced  by  Dr  Thomas  Young*  to  designate  what 
we  also  sometimes  call  its  longitudinal  rigidity :    that  is,  the  same  as 
quotient  obtained  by   dividing   the   simple  longitudinal  force  r^g^^."^* 
required  to  produce  any  infinitesimal  elongation  or  contraction 
by  the  amount  of  this  elongation  or  contraction  reckoned  as 
usual  per  unit  of  length. 

*  Extract  from  Encycl.  Brit.  Art.  'Elasticity,'  §  42.  "Young^s  Modulus," or 
Modulus  of  Simple  Longitudinal  Stress. — Thomas  Young  called  the  modulus  of 
elasticity  of  an  elastic  solid  the  amount  of  the  end-pull  or  end-thrust  required  to 
produce  any  infinitesimal  elongation  or  contraction  of  a  wire,  or  bar,  or  column 
of  the  substance  multiplied  by  the  ratio  of  its  length  to  the  elongation  or  con- 
traction. In  this  definition  the  definite  article  is  clearly  misappUed,  There  are, 
as  we  have  seen,  two  moduluses  of  elasticity  for  an  isotropic  solid, — one  measuring 
elasticity  of  bulk,  the  other  measuring  elasticity  of  shape.  An  interesting  and 
instructive  illustration  of  the  confusion  of  ideas  so  often  rising  in  physical  science 
from  faulty  logic  is  to  be  found  in  "An  Account  of  an  Experiment  on  the  Elas- 
ticity of  Ice:  By  Benjamin  Bevan,  Esq.,  in  a  letter  to  Dr  Thomas  Young,  Foreign 
Sec.  R.  S."  and  in  Young's  "Note"  upon  it,  both  published  in  the  Tninfactions 
of  the  Royal  Society  for  1826.  Bevan  gives  an  interesting  account  of  a  well- 
designed  and  well-executed  experiment  on  the  flexure  of  a  bar,  3"97  inches  thick, 
10  inches  broad,  and  100  inches  long,  of  ice  on  a  pond  near  Leighton  Buzzard 
(the  bar  remaining  attached  by  one  end  to  the  rest  of  the  ice,  but  being  cut  free 
by  a  saw  along  its  sides  and  across  its  other  end) ,  by  which  he  obtained  a  fairly 
accurate  determination  of  "the  modulus  of  ice"  (liis  result  was  21,000,000  feet); 
and  says  that  he  repeated  the  experiment  in  various  ways  on  ice  bars  of  variooB 
dimensions,  Bome  remaining  attached  by  one  end,  others  completely  detached, 
and  found  results  agreeing  with  the  first  as  nearly  "as  the  admeasurement  of 
the  thickness  could  be  ascertained."  He  then  proceeds  to  compare  "the  modulus 
of  ice"  which  he  had  thus  foimd  with  "the  modulus  of  water,"  which  he  quotes 
from  Young's  Lectures  as  deduced  from  Canton's  experiments  on  the  compressi- 
bility of  water.  Young  in  his  "Note"  does  not  point  out  that  the  two  moduluses 
were  essentially  different,  and  that  the  modulus  of  his  definition,  the  modulus  de- 
terminable from  the  flexure  of  a  bar,  is  essentially  zero  for  every  fluid.  We  now 
call  "Young's  modulus"  the  particular  modulus  of  elasticity  defined  as  above  by 
Young,  and  so  avoid  all  confusion. 
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wviirht-  687.     Instead  of  reckoning  Young's    modulus   in    units   of 

moiliiluii  ....  .  .       ,    ^  .      .       ^  f.   ^1 

and i.nirth   weiglit,  it  IS  sometunos  convenient  to  express  it  in  terms  ot  the 

weiglit  of  the  unit  length  of  the  rod,  wire,  or  thread.     The 

modulus  thus  reckoned,  or,  as  it  is  called  by  some  writers,  the 

length  of  the  modulus,  is  of  course  found  by  dividing  the  weight- 

veiocityof    modulus  by  the  weight  of  the  unit  length.    It  is  useful  in  manv 

sioiiofa      applications  of  the  theory  of  elasticity;  as,  for  instance,  in  this 

iDiiK'itudinai  lesult,  which  wiU  be  proved  later  : — the  velocity  of  transmission 

through  a    Qf  longitudinal  vibrations  (as  of  sound)  along  a  bar  or  cord,  is 

equal  to  the  velocity  acquired  by  a  body  in  falling   from  a 

height  equal  to  half  the  length  of  the  modulus*.     For  other 

examples  see  §  791,  a,  below. 

Specific  688.     The  specific  Young  s  modulus  of  elasticity  of  an  isotropic 

modulus  of  substance,  or,  as  it  is  most  often  called,  simply  the  Young's  niodu- 

nn  isotropic  .  ,  pi  r  •     i        • 

body.  lus  of  the  suoslance,  is  the  Young  s  modulus  or  a  bar  ot  it  having 

some  definitely  specified  sectional  area.    If  this  be  such  that  the 
weight  of  unit  length  is  unity,  the  Young's  modulus  of  the  sub- 
stance will  be  the  same  as  the  length  of  the  modulus  of  any  bar 
of  it:  a  system  of  reckoning  which,  as  we  have  seen,  has  some 
advantages  in  application.     It  is,  however,  more  usual  to  choose 
a  common  unit  of  area  as  the  sectional  area  of  the  bar  referred 
to  in  the  definition.     There   must  also  be  a   definite  under- 
in  terras  of  Standing  as  to  the  unit  in  terms  of  which  the  force  is  measured, 
urut". OTo" '  which  may  be  either  the  absulnfe  xinit   (§  223):  or  the  gravi- 
(travityon    tation  Unit  for  a  specified  locality  ;  that  is  (§  226),  the  weight 
m.iss  in  liny  in  that  locality  of  the  unit  of  mass.     Experimenters  hitherto 
locality.       have  stated  their  results  in  terms  of  the  gravitation  unit,  each 
for   his   own    locality;    the    accuracy   hitherto   attained   being 
scarcely  in  any  cases  sufficient  to  require  corrections  for  the 

*  It  is  to  bo  understood  that  the  \'ihr(itions  in  question  arc  fo  mach  spread 
out  through  the  length  of  the  body,  that  inertia  does  not  sensibly  influence  the 
transverse  contractions  and  dilatations  which  (unless  the  substance  have  in  this 
rciipcct  the  peculiar  character  presented  by  cork,  §  684)  take  place  along  with 
them.  Also,  under  thermodynamics,  we  shall  see  that  changes  of  shape  and 
bulk  produced  by  the  varying  .stresses  cause  changes  of  temi>crature  whirli.  in 
ordinary  solids,  render  the  velocity  of  transmission  of  longitudinal  vibrations 
Bensibly  greater  than  that  calculated  by  the  rule  stated  in  the  text,  if  we  use  the 
$tatic  modulus  as  understood  from  the  definition  there  given  ;  and  we  shall 
learn  to  take  into  account  the  thermal  effect  by  using  a  definite  static  rtwdulus, 
or  kinetic  modulus,  according  to  the  circumstances  of  any  case  that  may  occur. 


688.]  STATICS.  225 

different  forces  of  gravity  in  the  different  places  of  observation,  in  terms  of 
Corresponding  statements  apply  to  the    modulus  of  rigidity,  unit;  or  of  ^ 
Young's   word   "Modulus"    is  also  used  conveniently  enough gravitj; on 
in  the  expression  "Modulus  of  Rupture,"  which  is  almost  amassinimy 
synonym  for  "Tenacity."   (See  table  of  Moduluses  and  Strengths,  locality. ' 
article  "  Elasticity,"  Encyclopcedia  Britannica,  new  edition.)     It 
means  the   greatest   pull    that  can   be  applied   to   a   wire,  or 
bar,  or  rod  of  the  substance  without  breaking  it.     It  may  be 
reckoned  either  in  units  of  force  per  unit  of  area,  of  the  cross 
section ;  or  it  may  be  reckoned  in  terms  of  the  length  which 
the  bar  must  have  to  be  equal  in  weight  to  the  breaking  force, 
and   when  so  reckoned  it  is  called   the  "Length-Modulus   of 
Rupture." 

689.  The  most  useful  and  generally  convenient  specifica- 
tion of  the  modulus  of  elasticity  of  a  substance  is  in  grammes- 
weight  per  square  centimetre.  This  has  only  to  be  divided  by 
the  specific  gravity  of  the  substance  to  give  the  length  of  the 
modulus.  British  measures,  however,  being  still  unhappily 
sometimes  used  in  practical  and  even  in  high  scientific  state- 
ments, we  may  have  occasion  to  refer  to  reckonings  of  the 
modulus  in  pounds  per  square  inch  or  per  square  foot,  or  to 
length  of  the  modulus  in  feet. 

690.  The  reckoning  most  commonly  adopted  in  British 
treatises  on  mechanics  and  practical  statements  is  pounds  per 
square  inch.  The  modulus  thus  stated  must  be  divided  by 
the  weight  of  12  cubic  inches  of  the  solid,  or  by  the  product 
of  its  specific  gravity  into  •4837*,  to  find  the  length  of  the 
modulus,  in  feet. 

*  This  decimal  being  the  weight  in  lbs.  of  12  cubic  inches  of  water.  The  one 
great  advantage  of  the  French  metrical  system  is,  that  the  mass  of  the  unit 
volume  (1  cubic  centimetre)  of  water  at  its  temperature  of  maximum  density 
(S^-Q^S)  is  unity  (1  gramme)  to  a  sufficient  degree  of  approximation  for  almost 
aU  practical  purposes.  Thus,  acconling  to  this  system,  the  density  of  a  body 
and  its  specific  gravity  mean  one  and  the  same  thing ;  whereas  on  the  Britisl^ 
no-system  the  density  is  exjjressed  by  a  number  found  by  multiplying  the  specific 
gravity  by  one  number  or  another,  according  to  the  choice  of  a  cubic  inch,  cubic 
foot,  cubic  yard,  or  cubic  mile  that  is  made  for  the  unit  of  volume;  and  the  gram, 
scruple,  gunmaker's  drachm,  apothecary's  drachm,  ounce  Troy,  ounce  aTOirdu- 
pois,  pound  Troy,  pound  avoirdupois,  stone  (Imperial,  Ayrshire,  Lanarkshire, 
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To  reduce  from  pounds  per  square  inch  to  grammes  per 
square  centimetre,  multiply  by  TOSl,  or  divide  by  '014223. 
French  engineers  generally  state  their  results  in  kilogrammes 
per  square  metre,  and  so  bring  them  to  more  convenient 
numbers,  being  ^Q()^(^()ft  of  the  inconveniently  large  numbers  ex- 
pressing moduluses  in  grammes  weight  per  square  centimetre. 

Mctricui  691.    The  same  statements  as  to  units,  reducing  factors,  and 

tionsof  nominal  designations,  are  applicable  to  the  bulk-modulus  of 
ofeiasti.ity  any  elastic  solid  or  fluid,  and  to  the  rigidity  (8  680)  of  an 
isotropic  body ;  or,  in  general,  to  any  one  of  the  21  modu- 
luses in  the  expressions  [§  673.  (14)]  for  stresses  in  terms  of 
strains,  or  to  the  reciprocal  of  any  one  of  the  21  moduluses  in 
the  expressions  [§  673.  (16)]  for  strains  in  terms  of  stresses,  a3 
well  as  to  the  modulus  defined  by  Young. 

Pmctirai  691   a.      The    convenience,  for  residents  on    the  Earth,  of 

vtiocities  of  the  lencrth-reckoning  of  moduluses  is  illustrated  by  the  theo- 

waves  •  ~  "  •' 

rems  stated  at  the  end  of  §  687,  and  others  analogous  to  it  as 
follows : — 

Distortionai      (1)    The  Velocity  of  propagation  of  a  wave  of  distortion  in  an 
change  of     isotropic  homogcueous  solid  is  equal  to  the  velocity  acquired  by 
a  body  in  falling  through  a  height  equal  to  half  the  length- 
modulus  of  rigidity. 

Coinpn;>  (2)     The  vclocity  of  the  other  kind  of  wave  possible  in  an 

elastic         isotropic  homogeneous  solid,  that  is  to  say  a  wave  analogous  to 

that  of  sound,  is  equal  to  the  velocity  acquired  by  a  body  falling 

through  a  height  equal  to  half  the  length-modulus  for  simple 

longitudinal  strain  (compare  §  686);  just  as  the  Young's  modu- 

Dumbartonahire),  stone  for  hay,  stone  for  corn,  quarter  (of  a  handred weight), 
quarter  (of  corn),  hundredwcifjlit,  or  ton,  that  is  chosen  for  unit  of  mass.  It  is  i\ 
rcmarkiiblc  phenomenon,  bclougiug  ratlicr  to  moral  and  social  than  to  physical 
science,  that  a  people  tending  naturally  to  l>e  regulated  by  common  sense  should 
voluntarily  condemn  themselves,  as  the  British  have  so  long  done,  to  unnecessary 
hard  labour  in  every  action  of  common  business  or  pcicntific  work  related  to 
maasurcincnt;  from  which  all  the  other  nations  of  Europe  have  emancipated 
themselves.  We  have  been  informed,  through  the  kindness  of  the  late  Pro- 
fessor Vf.  H.  Miller,  of  Cambridge,  that  he  concludes,  from  a  very  truBtworthy 
coinpnrison  of  standards  by  Kupfifer,  of  St  Petersburgh,  that  the  weight  of  a  cubic 
deciinetre  of  water  at  temperature  of  maximum  density  is  10<K)013  grammes. 
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lus  is  reckoned  for  simple  stress.  The  modulus  for  simple 
lonsritudinal  strain  mav  be  found  bv  enclosinsp  a  rod  or  bar  of 
the  substance  in  an  infinitely  rigid,  perfectly  smooth  and  fric- 
tionless  tube  fitting  it  perfectly  all  round,  and  then  dealing  with 
it  as  the  rod  with  its  sides  all  free  is  dealt  with  for  findinor  the 
Young's  modulus.  Of  course  it  is  understood  that  the  ideal 
tube,  which  gives  positive  normal  pressure  when  the  two  ends 
of  the  elastic  rod  within  it  are  pressed  together,  must  be  sup- 
posed to  give  the  negative  normal  pressure,  or  the  normal 
traction,  required  to  prevent  lateral  shrinkage,  when  the 
two  ends  of  the  wire  are  pulled  asunder.  (Compare  §  68-t 
above.) 

(8)     The  velocity  of  sound  in  a  liquid  is  the  velocity  a  body  Compres 
would  acquire  in  falling  through  a  height  equal  to  half  the  liquid; 
length-modulus  of  compression, 

(4)  The  Newtonian  velocity  of  sound  (that  is  to  sa}'',  the  compres- 

1       •  1  •   1  •  •       •  c     1  •         1       siojial  in 

velocity  which  sound  would  have  m  air  if  the  pressure  m  the  sas; 
course  of  the  vibration  varied  simply  according  to  Boyle's  law 
without  correction  for  the  heat  of  condensation,  and  the  cold  of 
rarefaction)  is  equal  to  the  velocity  a  body  would  acquire  in 
falling  through  half  the  height  of  the  homogeneous  atmosphere 
for  the  actual  temperature  of  the  air  whatever  it  may  be.  ("  The 
Height  of  the  Homogeneous  Atmosphere  "  is  a  short  expression 
commonly  used  to  designate  the  depth  that  an  ideal  incompres- 
sible liquid  of  the  same  density  as  air  must  have  to  give  by  its 
weight  the  same  pressure  at  the  bottom  as  the  actual  pressure 
of  the  air  at  the  supposed  temperature  and  density.) 

(5)  The  velocity  of  a  Ions:  wave*  in  water  of  uniform  depth,  Kravita- 
supposed  incompressible,  is  the  velocity  a  body  would  acquu-e  m  liquid; 
falling  through  a  height  equal  to  half  the  depth. 

(6)  The  velocity  of  propagation  of  a  transverse  pulse  in  a  traasversai 
stretched    cord  is    equal  to  the  velocity  acquired  by   a  body  stretched 
falling  through  a  height  equal  to  half  the  length  of  a  quantity 

of  cord  amounting  in  weight  to  the  stretching  force. 

*  A  "Long  wave"  is  a  technical  expression  in  the  theory  of  waves  in  water  used 
to  denote  a  wave  of  which  the  length  is  a  large  multiple  (20  or  30  or  more)  of 
the  depth. 

15—:? 
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Difrnssion        691  h.     "  Resilience  "  is  a  very  useful  word,  introduced  about 

on  Kcsili-  •'  ' 

Art'^Mus^  forty  years  a,;;o  (when  the  doctrine  of  energy  was  beginning  to 
^Encve  become  practically  appreciated)  by  Lewis  Gordon,  first  professor 
^'■"'  of  engineering  in  the  university  of  Glasgow,  to  denote  the  quan- 

tity of  work  that  a  spring  (or  elastic  body)  gives  back  when 
strained  to  some  stated  limit  and  then  allowed  to  return  to  the 
condition  in  which  it  rests  when  free  from  stress.  The  word 
"resilience"  used  without  special  qualifications  may  be  under- 
stood as  meaning  extreme  resilience,  or  the  work  given  back  by 
the  spring  after  being  strained  to  the  extreme  limit  within 
which  it  can  be  strained  again  and  again  without  breakini;  or 
taking  a  permanent  set.  In  all  cases  for  which  Hooke's  law 
of  simple  proportionality  between  stress  and  strain  holds,  the 
resilience  is  obviously  equal  to  the  work  done  by  a  constant 
force  of  half  the  amount  of  the  extreme  force  acting  through 
a  space  ecjual  to  the  extreme  deflection. 

691  c.  When  force  is  reckoned  in  "  gravitation  measure," 
resilience  per  unit  of  the  spring's  n^ass  is  simply  the  height 
that  the  spring  itself,  or  an  equal  weigh r,,  oould  be  lifted  against 
gravity  by  an  amount  of  work  equal  to  ihat  given  back  by  the 
spring  returning  from  the  stressed  condition. 

691  d.  Let  the  elastic  body  be  a  long  homogeneous  cylinder 
or  prism  with  flat  ends  (a  bar  as  we  may  call  it  for  brevity), 
and  let  the  stress  for  which  its  resilience  is  reckoned  be  positive 
normal  pressures  on  its  ends.  The  resilience  per  unit  miiss  is 
equal  to  the  greatest  height  from  which  the  bar  can  fall  with 
its  length  vertical,  and  impinge  against  a  perfectly  hard  friction- 
less  horizontal  plane  without  suft'ering  stress  beyond  its  limits 
of  elasticity.  For  in  this  case  (as  in  the  case  of  the  direct  im- 
pact of  two  equal  and  similar  bars  meeting  with  equal  and  oppo- 
site velocities,  discussed  above,  §§  303,  304),  the  kinetic  energy 
of  the  translational  motion  preceding  the  impact  is,  during  the 
first  half  of  the  colli&ion,  wholly  converted  into  potential  energy 
of  elastic  force,  which  during  the  second  half  of  the  collision  is 
whoL\  reconverted  into  kinetic  energy  of  translational  motion 
in  the  reverse  direction.  DuriuLC  the  whole  time  of  the  collision 
the  stopped  end  of  the  bar  experiences  a  constant  pressure,  and 
at  the  middle  of  the  colli>iun  the  whole  substance  of  the  bar 
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is  for  an  instant  at  rest  in  the  same  state  of  compression  as  it  Digrpssion 

111  -I      'f   •  -i-i-  ii'/i  on  Hesili- 

woiild  nave  permanently  it  m  equilibrium  under  the  influence  ence, from 

-     ,  ^  ^       "^  ,    ^     ^  Art.  Elas- 

01  that  pressure  and  an  equal  and  opposite  pressure  on  the  tjcity 
other  end.  From  the  beginning  to  the  middle  of  the  collision  ■^«<- 
the  compression  advances  at  a  uniform  rate  through  the  bar 
from  the  stopped  end  to  the  free  end.  Every  particle  of  the 
bar  which  the  compression  has  not  reached  continues  moving 
uniformly  with  the  velocity  of  the  whole  before  the  collision 
until  the  compression  reaches  it,  when  it  instantaneously  comes 
to  rest.  The  part  of  the  bar  which  at  any  instant  is  all  that  is 
compressed  remains  at  rest  till  the  corresponding  instant  in  the 
second  half  of  the  collision. 

691  e.  From  our  preceding  view  of  a  bar  impinging  against 
an  ideal  perfectly  rigid  plane,  we  see  at  once  all  that  takes 
place  in  the  real  case  of  any  rigorously  direct  longitudinal 
collision  between  two  equal  and  similar  elastic  bars  with  flat 
ends.  In  this  case  the  whole  of  the  kinetic  energy  which  the 
bodies  had  before  collision  reappears  as  purely  trauslational 
kinetic  energy  after  collision.  The  same  would  be  approxi- 
mately true  of  any  two  bars,  provided  the  times  taken  by  a 
pulse  of  simple  longitudinal  stress  to  run  through  their  lengths 
are  equal.  Thus  if  the  two  bars  be  of  the  same  substance,  or 
of  different  substances  having  the  same  value  for  Young's 
modulus,  the  lengths  must  be  equal,  but  the  diameters  may  be 
unequal.  Or  if  the  Young's  modulus  be  different  in  the  two 
bars,  their  lengths  must  be  inversely  as  the  square  root  of  its 
values.  To  all  such  cases  the  laws  of  "  collision  between  two 
perfectly  elastic  bodies,"  whether  of  equal  or  unequal  masses,  as 
given  in  elementary  dynamical  treatises,  are  applicable*.  But 
in  every  other  case  part  of  the  trauslational  energy  which  the 
bodies  have  before  collision  is  left  in  the  shape  of  vibrations 
after  collision,  and  the  trauslational  energy  after  collision  is 
accordingly  less  than  before  collision.  The  losses  of  energy 
observed  in  common  elementary  dynamical  experiments  on 
collision  between  solid  gLjbes  of  the  siime  substance  are  partly 
due  to  this  eause.     If  they  were  wholly  due  to  it  they  would 

*  [It  will  be  remembered  that  in  §  303  such  eases  were  characterized  as 
''imaginable  although  not  realizable."  Even  in  the  most  favourable  case  (that 
of  equal  diameters)  it  is  impossible  to  secure  that  the  contact  shall  take  place 
uniformly  over  the  ends.     H.  L.] 
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be  independent  of  the  .substance,  when  two  globes  of  the  same 
substance  are  used.  They  would  bear  the  same  proportion  to 
the  whole  energy  in  every  case  of  collision  between  two  equal 
globes,  or  again,  in  every  case  of  collision  between  two  globes 
of  any  stated  proportion  of  diameters,  provided  in  each  case 
the  two  which  collide  are  of  the  same  substance ;  but  the 
proportion  of  translational  energy  converted  into  vibrations 
would  not  be  the  same  for  two  equal  globes  as  for  two  unequal 
globes.  Hence  when  differences  of  proportionate  losses  of  energy 
are  found  in  experiments  on  different  substances,  as  in  Newton's 
on  globes  of  glass,  iron,  or  compressed  wool,  this  must  be  due 
to  imperfect  elasticity  of  the  material.  It  is  to  be  expected 
that  careful  experiments  upon  hard  well-polished  globes  striking 
one  another  with  such  gentle  forces  as  not  to  produce  even  at 
the  point  of  contact  any  stress  approaching  to  the  limit  of  elas- 
ticity, will  be  found  to  give  results  in  which  the  observed  loss 
of  translational  energy  can  be  almost  wholly  accounted  for  by 
vibrations  remaining  in  the  globes  after  collision. 

691/.  Examples  of  Resilience. — Example  1. — In  respect  to 
simple  longitudinal  ])ull,  the  extreme  resilience  of  steel  piano- 
forte wire  of  No.  22  Birmingham  wire  gauge,  of  density  7727, 
weighing  034  grammes  per  centimetre  (calculated  by  multi- 
plying the  breaking^  weight  of  106  kilogranmies  into  half  the 
elongation  produced*  by  it,  namely  ^)  is  61G3  metre-grammes 
(gravitation  measure)  per  ten  metres  of  the  wire.  Or,  what- 
ever the  length  of  the  wire,  its  resilience  is  equal  to  the 
work  required  to  lift  its  weight  through  172  metres. 

Examjile  2. — The  torsional  resilience  of  the  same  wire,  twisted 
in  either  direction  as  far  as  it  can  be  without  giving  it  any 
notable  permanent  set,  was  found  to  be  equal  to  the  work 
required  to  lift  its  weight  through  13  metres. 

Example  3. — The  extreme  resilience  of  a  vulcanized  india- 
rubber  baud  weighing  123  grammes  was  found  to  be  equal  to 
the  work  required  to  lift  its  weight  through  1200  metres.  This 
was  found  by  stretching  it  by  gradations  of  weights  up  to  the 
breaking  weight,  representing  the  results  by  aid  of  a  curve,  and 
measuring  its  area  to  find  the  integral  work  given  back  by  the 
spring  after  being  stretched  by  a  weight  just  short  of  the  break- 
ing weight. 
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692.  In  §§  681,  682  we  examined   the  effect  of  a  simple  stres,  re- 
longitudinal  stress,   in  producing  elongation  in  its  own  direc-  maintxin 

1  •         •      T  T       T  •  TTT-  a  simple 

tion,  and  contraction  m  lines  perpendicular  to  it.  VV  ith  stresses  longitudinal 
substituted  for  strains,  and  strains  for  stresses,  we  may  apply 
the  same  process  to  investigate  the  longitudinal  and  lateral 
tractions  required  to  produce  a  simple  longitudinal  strain  (that 
is,  an  elongation  in  one  direction,  with  no  change  of  dimensions 
perpendicular  to  it)  in  a  rod  or  solid  of  any  shape. 

Thus  a  simple  longitudinal  strain  e  is  equivalent  to  a  cubic 
dilatation  e  without  change  of  figure  (or  linear  dilatation  ^e 
equal  in  all  directions),  and  two  shears  consisting  each  of  dila- 
tation ^e  in  the  given  direction,  and  contraction  ^e  in  each  of 
two  directions  perpendicular  to  it  and  to  one  another.  To 
produce  the  cubic  dilatation,  e,  alone  requires  (§  680)  a  normal 
traction  ke  equal  in  all  directions.  And,  to  produce  either  of 
the  shears  simply,  since  the  measure  (§  175)  of  each  is  |e, 
requires  a  shearing  stress  equal  to  w  x  |e,  which  consists  of 
tangential  tractions  each  equal  to  this  amount,  positive  (or 
drawing  outwards)  in  the  line  of  the  given  elongation,  and 
negative  (or  pressing  inwards)  in  the  perpendicular  direction. 
Thus  we  have  in  all 

normal  traction  =  {k  +  ^n)e,  in  the  direction  of  the    i 

given  strain,  and 
normal  traction  =  (Jc  —  §/i)e,  in  every  direction  per- 
pendicular to  the  given  strain. 

693.  K  now  we  suppose  any  possible  infinitely  small  strain  stress- 
(e,/,  g,  a,  h,  c),   according  to  the  specification  of  §  669,  to    be  ?nTe^rm V 
given   to   a   body,  the   stress    (P,  Q,  7?,  S,  T,  U)    required   to  fs^ropio 
maintain  it  will  be   expressed   by  the  following  formulae,  ob-   °  ^' 
tained  by  successive   applications   of  §  692    (4)   to   the  com- 
ponents e,/,  g  separately,  and  of  §  680  to  a,  h,  c : — 

S  =  7ia,   T—nh,   U=nc, 

P=^e+^if+g), 

Q  =  ^f  +  ^ig+e), 

R=^g  +  ^{e+f),  i .........(5). 

4  2 

where  ^  =  k  +  -n,    di3  =  k-^n, 

3  o 

7l  =  h(^-^) 


,(4). 
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694.     Similarly,  by  §  080  and  §  682  (3),  we  have 


n  71  n 


where 
and 


Me  =  {P-a{Q+R)], 
M/={Q-ct{R  +  P)], 
Mg  =  {R-a[P+Q)], 


.(C), 


.1/  = 


3yfc  +  n' 

2(3^  +  n;     ^  n 


as  the  formulae  expressing  the  strain  (e,  /,  g,  a,  b,  c)  in  terms  of 
the  stress  (P,  Q,  R,  S,  T,  U).  They  are  of  course  merely  the 
algebraic  inversions  of  (5) ;  and  (§  673)  they  might  have  been 
found  by  solving  these  for  e,f,  g,  a,  h,  c,  regarded  as  the  un- 
known quantities,  -1/  is  here  introduced  to  denote  Young'a 
modulus  (§  683). 

Efinationof      695.     To   cxpress   the  equation  of   energy  for  an  isotropic 
the  same,     substancc,  we  may  take  the  general  formula,  [§  673  (20)], 

w  =  :^{Pe+  Qf-hRg  +  Sa  +  Tb+  Uc) 

and  eliminate  from  it  P,  Q,  etc.,  by  (5)  of  §  693,  or,  again,  e,/, 
etc.,  by  (6)  of  §  694-,  we  thus  find 
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696.  The  mathematical  theory  of  the  equilibrium  of  an 
elastic  solid  presents  the  following  general  problems  : — 

A  solid  of  any  given  shape,  when  vndisturbed,  is  acted  on  in 
its  substance  by  force  distnbuted  through  it  in  any  given  manner, 
and  displacements  are  arhitrarily  produced,  or  forces  arbitrarily 
applied,  over  its  bounding  surface.  It  is  required  to  find  the 
displacement  of  every  point  of  its  substance. 

This  problem  has  been  tlioroughly  solved  for  a  shell  of 
homogeneous  isotropic  substance  bounded  by  surfaces  which, 
when  undisturbed,  are  spherical  and  concentric  (§  735) ;  but 
not  hitherto  for  a  body  of  any  other  shape.     The  limitations 
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under  which  sokitions  have  been  obtained  for  other  cases  (thin 
plates,  and  rods),  leading,  as  we  have  seen,  to  important 
practical  resiilts,  have  been  stated  above  (§§  588,  632).  To 
demonstrate  the  laws  (§§  591,  633)  which  were  taken  in  an- 
ticipation will  also  be  one  of  our  applications  of  the  general 
equations  for  interior  equilibrium  of  an  elastic  solid,  which  we 
now  proceed  to  investigate. 

697.     Any  portion  in  the  interior  of  an  elastic  solid  may  be  Conditions 
regarded  as  becoming  perfectly  rigid  (§  564)  without  disturb-  equilibrium, 
ing  the  equilibrium  either  of  itself  or  of  the  matter  round  it. 
Hence  the  traction  exerted  by  the  matter  all  round  it,  regarded 
as  a  distribution  of  force  applied  to  its  surface,  must,  with  the 
applied  forces  acting  on  the  substance  of  the  portion  considered, 
fulfil  the  conditions  of  equilibrium  of  forces  acting  on  a  rigid 
body.  This  statement,  applied  to  an  infinitely  small  rectangular 
parallelepiped  of  the  body,  gives  the  general  differential  equa- 
tions of  internal  equilibrium  of  an  elastic  solid.     It  is  to  be 
remarked  that  three  equations  suffice  ;  the  conditions  of  equili-  expressed 
brium  for  the  couples  being  secured  by  the  relation  established  equations. 
above  (§  661)  among  the    six    pairs  of  tangential  component 
tractions  on  the  six  faces  of  the  figure. 

Let  {x,  y,  z)  be  any  point  within  the  solid,  and  hx,  hy,  Zz  edges 
respectively  parallel  to  the  rectangular  axes  of  reference,  of  an 
infinitely  small  parallelepiped  of  the  solid  having  that  point  for 
its  centre. 

If  P,  Q,  R,  S,  T,  U  denote  (§  662)  the  stress  at  {x,  y,  z),  the 
average  amounts  of  the  component  tractions  (see  table,  §  669)  on 
the  faces  of  the  parallelepiped  will  be 

(P  ±  ^^^.  iSx')  SyS^,  parallel  to  OX, 

(^u^'^.myySz,     „      „  or, 

(T^'~.h8x>jByBz,       „         „    OZ, 


on  the  two  faces  EySz  « 


Taking  the  symmetrical  expressions  for  the  tractions  on  the  two 
other  paii'S  of  faces,  and  summing  for  all  the  faces  all  the  com- 
ponents parallel  to  the  three  axes  separately,  we  have 
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<  ;eneral 
c<iuations  of 
interior 
equilibrium. 


(S4rf)»'«^«^'p"^"^'"^^'' 


/dU 
\dx 


dQ 
dy 


f  -^  +  -r^  +  -^  )  %xhy%z. 


(dT     dS      dli\  „  ,  . 


»> 


or, 


oz. 


Let  now  X,  7,  Z  denote  the  components  of  the  applied  force 
on  the  sub-stance  at  (a;,  y,  z),  reckoned  per  unit  of  volume;  so  that 
X^Syhz,  ThxBySz,  Z6x6yBz  will  be  their  amounts  on  the  small 
portion  in  question.  Adding  these  to  the  corresponding  com- 
ponents just  found  for  the  tractions,  equatiug  to  zero,  and  omitting 
the  factor  BxByBz,  we  have 


dP     dU     dT     ,,    . 
dx      ay       dz 


dU     dQ 

-7—+     1- 

dx      *dy 


'~d~z 
dli 


+  }'=0 


•(2); 


dx      dy      dz  J 

whioli  are  the  general  equations  of  internal  stress  requiicd  for 
equilibrium. 

If  for  F,  Q,  R,  S,  T,  U  we  substitute  the  linear  functions  of 
«,  /,  g,  a,  b,  c  in  terms  of  which  they  are  expressed  by  (14)  of 
§  673,  we  have  the  equations  of  internal  strain.  And  if  we 
eliminate  e,/,  g,  o,  h,  c  by  (6)  of  §  670  we  have,  for  (a,  ^,y)the 
components  of  the  displacement  of  any  interior  point  in  terms  of 
(x,  y,  z)  its  undisplaced  position  in  the  solid,  three  linear  partial 
dilTcrential  equations  of  the  second  degree,  which  are  the  equa- 
tions of  internal  equilibrium  in  their  ultimate  form.  It  Ls  to  be 
remarked  that,  by  supposing  the  coefficients  (c,  e),  (e,  /),  etc., 
to  be  not  constant,  but  given  functions  of  (.r,  y,  z),  we  avoid 
limiting  the  investigation  to  a  homogenous  body. 

cicir^tiiV.v'  698.  Tliese  equations  being  sufficient  as  well  a.s  necessar}' 
the/oTcll  for  the  equilil)rium  of  the  body,  they  must  secure  that  the  con- 
8upp^».'i"^  dition  of  §  (597  is  fulfilled  for  any  and  every  finite  portion  of 
tiu-sii.qnn-  It.     ihis  IS  easilv  vennea. 

tionsof 
equilil)riuin 

ill  ft  ri^id  Let  ///  denote  integration  throughout  any  particular  part  of 
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the  solid,  da  an  element  of  the  surface  bounding  this  part,  and 
[/JJ  integration  over  the  whole  of  this  surface.     We  have 

jjjXdxd,dz  =  -fff(^  +  ^  +  f)  ^-^y^-- 

Hence,  integrating  each  terra  once,  attending  to  the  limits  as  in 
Appendix  A.,  and  denoting  by  I,  m,  n  the  direction-cosines  of 
the  normal  through  dcr, 

fjJXdxdydz  =  -  [//(Pdijdz  +  Udzdx  +  Tdxdy)]  =  -  Iff  {PI  +  Urn  +  Tn)d<T], 
and  therefore  [§  662  (1)] 

JJJXdxdydz  +  UJ^daj^O  (3). 

Again  we  have 

JSIow,  integi-ating  by  parts,  etc.,  as  in  Appendix  A.,  we  have 


f 


2/  -r-  dxdydz  =  [JjySmdcr]  -  JjJSdxdi/dz, 


and  Verifiaition 

J ,,  of  equations 

( z  -^  dxdydz  =  [JJzSnda]  —  jjjSdxdydz.  brium  for 

dz  any  part 


f 


Hence 


sujjpbsod 
rigid. 


jv  Tu~^l[z) ^^"^^y^^ ^ UKy^"^ - ^''^n)d(T]. 


Using  this  in  the   preceding  expression,  integrating  the  other 
terms  each  once  simply  as  before,  and  using  §  662  (1),  we  find 

jJJiyZ  -zY)  dxdydz  +  [jJiyH  -zG)dcT]  =  0 (4). 

The  six  equations  of  equilibrium  being  (3),  (-4),  and  the  sym- 
metrical equations  relative  to  y  and  z,  are  thus  proved. 

For  an  isotropic  solid,  the  equations  (2)  become  of  course  much  Simplifled 
simpler.     Thus,  using  (5)  of  §  693,  eliminating  e,  /,  g,  a,  b,  c  for  isotropic 
by  (6)  of  §  670,  grouping  conveniently  the  terms  which  result, 
and  putting 

m={k  +  }jn) (5), 
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we  find 

nVa      (Pa      d'a^ 


m 


m 


"^d 


d  /da      dfS      dy\  nVa      d*a      d'a\       ^     _ 

dfda      dp      dy\  /(f/3      d'ft      d'p\       -,      „  ,-, 

d  /da      dp      dy\  fd'y      d'y      dy\       _      ^ 


OF,  ns  we  may  write  them  shortly, 

»n -,-  + «V*a+-3r=0,  7)1-,-  +  n^*B+  Y=0,  m-,- +  )i'r*y+ Z  =  0...(7), 
dx  ay  dz  ' 

if  we  put 

S*|4'^« («)■ 

and 

rf*        (f        <?*         , 

dc^^dif^d?^''   (9)' 

so  that  8  shall  denote  the  amount  of  dilatation  in  yolume  ex- 
perienced by  the  substance;  and  v*  the  same  symbol  of  operation 
as  formerly  [Appendix  A.  and  B.,  and  §^  -lOl,  492,  499,  etc.]. 

stvenant's       699.     One  of  the  most  beautiful  applications  of  the  {reneral 

npplication  .  .  .  i.i     ,  .   , 

to  torsion     equatiOHS  01  internal  equilibrium  oi  an  elastic  solid    hitherto 

problems.  ^      •        ^ 

made  is  that  of  M.  do  St  Venant  to  "the  torsion  of  prisms.*" 
To  one  end  of  a  long  straight  prismatic  rod,  wire,  or  solid  or 
hollow  cylinder  of  any  form,  a  given  couple  is  applied  in  a  plane 
bu-m's^atld  Perpendicular  to  the  length,  while  the  other  end  is  held  fast:  it 
is  required  to  find  the  degree  of  twist  (§  120)  produced,  and 
the  distribution  of  strain  aud  stre.ss  throughout  the  prism.  The 
conditions  to  be  satisfied  here  are  that  tlie  resultant  action  be- 
tween the  substance  on  the  two  sides  of  any  normal  section  is 
a  couple  in  the  normal  plane,  equal  to  the  given  couple.  Our 
work  for  solving  the  problem  will  be  much  simplified  by  first 
establishing  the  following  preliminary  propositions: — 

•  yiimoirtt  des  Savants  Etranfirrs.    1855.    "Pe  la  Torsion  des  Prismes,  aveo 
dc9  considerations  snr  Icur  Flexion,"  etc. 
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700.  Let  a  solid  (whether  aeolotropic  or  isotropic)  be  so  Lem 
acted  on  by  force  applied  from  without  to  its  boundary,  that 
throughout  its  interior  there  is  no  normal  traction  on  any 
plane  parallel  or  perpendicular  to  a  given  plane,  XOY^  which 
implies,  of  course,  that  there  is  no  shearing  stress  with  axes 
in  or  parallel  to  this  plane,  and  that  the  whole  stress  at  any 
point  of  the  solid  is  a  simple  shearing  stress  of  tangential 
forces  in  some  direction  in  the  plane  parallel  to  XO  Y,  and  in 
the  plane  perpendicular  to  this  direction.     Then — 


mn. 


(1.)  The  interior  shearing  stress  must  be  equal,  and  simi- 
larly directed,  in  all  parts  of  the  solid  lying  in  any  line  perpen- 
dicular to  the  plane  XOY. 

(2.)  It  being  premised  that  the  traction  at  every  point  of 
any  surface  perpendicular  to  the  plane  XOY  is,  by  hypothesis, 
a  distribution  of  force  in  lines  perpendicular  to  this  plane;  the 
integral  amount  of  it  on  any  closed  prismatic  or  cylindrical 
surface  perpendicular  to  XOY,  and  bounded  by  planes  parallel 
to  it,  is  zero. 

(8.)  The  matter  within  the  prismatic  surface  and  terminal 
planes  of  (2.)  being  supposed  for  a  moment  (§  564)  to  be 
rigid,  the  distribution  of  tractions  referred  to  in  (2.)  con- 
stitutes a  couple  whose 
moment,  divided  by  the 
distance  between  those 
terminal  planes,  is  equal 
to  the  resultant  force  of 
the  tractions  on  the  area 
of  either,  and  whose  plane 
is  parallel    to    the    lines 

of  these  resultant  forces. 

I 

In  other  words,  the  mo-      O  X 

ment  of  the  distribution  of  forces  over  the  prismatic  surface 
referred  to  in  (2.)  round  any  line  {OY  or  OX)  in  the  plane  XOY^ 
is  equal  to  the  sum  of  the  components  {T  or  S),  perpendicular 
to  the  same  line,  of  the  traction  in  either  of  the  terminal  planes 
multiplied  by  the  distance  between  these  planes. 
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->r, 


&) 
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To  prove  (1.)  consider  for  a  moment  as  rigid   (§  564)  an 
infinitesimal  prism,  AB  (of  sectional  area  ta),  perpendicular  to 

XOY,  and  having  plane  ends,  A,  B,  parallel 
to  it.  There  being  no  forces  on  its  sides  (or 
cylindrical  boundary)  perpendicular  to  its 
length,  its  equilibrium  so  far  as  motion  in 
the  direction  of  any  line  {OX),  perpendi- 
cular to  its  length,  requires  (§  551,  I.)  that 
the  components  of  the  tractions  on  its  ends 
be  equal  and  in  opposite  directions.  Hence, 
in  the  notation  of  §  GG2,  the  shearing 
stress  components,  T,  must  be  equal  at  A 
and  B;  and  so  must  the  stress  components  S,  for  the  same 
reason. 

To  prove  (2.)  and  (3.)  we  have  only  to  remark  that  they  are 
required,  according  to  §  551,  I.  and  II.,  for  the  equilibrium  of 
the  rigid  prism  referred  to  in  (3.). 

Or,  analytically,  by  the  general  equations  (2)  of  §  697,  since 
J  =  0,  r=0,  zlo,  /'  =  0,  Q  =  0,  R  =  0  Cr=0,  by  hypothesis; 
we  have 

f -.  f =0 a). 

nnd 

^+^  =  0 foy 

dx      dij  ^  ' 

Of  those  (1.)  prove  that  S  and  T  are  functions  of  x  and  y  without 
z,  or,  in  words,  (1.)  And  if//  denote  integration  over  the  whole 
of  any  closed  area  of  XO  Y,  we  have 


f 


dT     dS^ 


1       dS\ 


of  which  the  second  member,  when  the  limits  of  the  effected  and 
indicated  integrations  are  properly  assigned,  is  found  to  be  the 
same  as 

J{Ts'm<f>  +  ScoSiP)ds, 

where  /  denotes  integration  over  the  whole  bounding  curve,  ds 

•  The  brackets  [  ],  as  here  used,  denote  integrals  assigned  properly  for  the 
bounding  curve. 
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an  element  of  its  length,   and  <^  the  inclination  of  els  to  XO.  Lemma. 
But,  by  (1)  §  662,  with  I  =  sin  (f>,  m  =  cos  (j>,  n  =  0,  "we  have 

H  =  T  sm<t>  +  S  cos  ct> (3), 

if  H  denote  the  traction  (parallel  to  OZ),  reckoned  as  usual  per 
unit   of   area,   experienced  by  the  bounding  prismatic  surface. 

Hence 


myi)"^y-i''''' w^ 


and  therefore,  becaxise  of  (2), 

JHds=0  (5), 

which  is  (2.)  in  symbols.    Again  we  have,  by  integration  bv  parts, 

(IS  clT 

and  substitution,  (2),  of  —r  for  — =-  , 

ay  ax 

jjTdxdy  =  [jTxdyf  -  \jx^^  dxdy 
=  [jTxdyf  +  (ix  "^  dxdy  =  [JTxdyf  +  \JSxdx]* 

=  Jx{Tsin  4)  +  /Scos  <f))ds  =  fxffds  (G), 

which  proves  (3.) 

701.  For  a  solid  or  hollow  circular  cylinder,  the  solution  of 
§  699  (given  first,  we  believe,  by  Coulomb)  obviously  is  that 
each  circular  normal  section  remains  unchanged  in  its  own 
dimensions,  figure,  and  internal  arrangement  (so  that  every 
straight  line  of  its  particles  remains  a  straight  line  of  un- 
changed length),  but  is  turned  round  the  axis  of  the  cylinder 
through  such  an  angle  as  to  give  a  uniform  rate  of  twist  (§  120) 
equal  to  the  applied  co^^ple  divided  by  the  product  of  the 
moment  of  inertia  of  the  circular  area  (whether  annular  or 
complete  to  the  centre)  into  the  rigidity  of  the  substance. 

For,  if  we  suppose  the  distribution  of  strain  thus  specified  to  Torsional 
be  actually  produced,  by  whatever  application  of  stress  is  neces-  circular 
sary,  we  have,  in  every  part  of  the  substance,   a  simple  shear 
parallel  to  the  normal  section,  and  perpendicular  to  the  r'adius 
through  it.     The  elastic  reaction  against  this  requires  to  balance 

*  The  brackets  [  ],  as  here  used,  denote  integrals  assigned  properly  for  the 
bounding  curve. 
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it  (§§  679,  682),  a  simple  distortiug  stress  consisting  of  forces  in 
the  normal  section,  directed  as  the  shear,  and  others  iu  planes 
through  the  axis,  and  directed  parallel  to  the  axis.  The  amount 
of  tlie  .shear  is,  for  parts  of  the  substance  at  distance  r  from  the 
axis,,  equal  obviously  to  ir,  if  t  be  the  rate  of  twist  Hence  the 
umount  of  the  tangential  force  in  either  set  cf  planes  is  mr  per 
unit  of  area,  if  u  be  the  rigidity  of  the  substjince.  Hence  there 
is  no  force  between  parts  of  the  substance  lying  on  the  two  sides 
of  any  element  of  any  circular  cylinder  coaxal  with  the  bounding 
cylinder  or  cylinders;  and  consequently  no  force  is  required  on 
the  cylindrical  boundary  to  maintain  the  supposed  state  of  strain. 
And  the  mutual  action  between  the  parts  of  the  substance  on  the 
two  sides  of  any  normal  plane  section  consists  of  force  in  this 
plane,  directed  perpendicular  to  the  radius  through  each  jK)int, 
and  amounting  to  nrr  per  unit  of  area.  The  moment  of  this  dis- 
tribution of  force  round  the  axis  of  the  cylinder  is  (if  da  denote 
an  element  of  the  area)  mffda-r',  or  the  j)roduct  of  nr  into  the 
moment  of  inertia  of  the  area  round  the  perpendicular  to  its  plane 
through  its  centre,  which  is  therefore  equal  to  the  moment  of  the 
couple  applied  at  either  end. 

Prism  of  702.     Similarly,  we  see  that  if  a  cylinder  or  prism  of  any 

aiiv  »hiip<!  Ill  1  c  ■  \ 

coi  stnnnod  shape  06  Compelled  to  take  exactly  the  state  of  stram  above 

to  11  siujplf  .   .  .  « 

twist,  specified  (§  701)  with  the  line  through  the  centres  ot  inertia  of 
the  normal  sections,  taken  instead  of  the  axis  of  the  cylinder, 
the  mutual  action  between  the  parts  of  it  on  the  two  sides  of 
any  normal  section  will  be  a  couple  of  which  the  moment  will 
be  expressed  by  the  same  formula,  that  is,  the  product  of  the 
rigidity,  into  the  rate  of  twist,  into  the  moment  of  inertia  of 
the  section  round  its  centre  of  inertia. 

rpquire*  The  only  additional  remark  required  to  prove  this  is,  that  if 

Its  sides.  the  forces  in  the  normal  section  be  resolved  in  any  two  rect^ 

angular  directions,  OX,  OY,  the  sums  of  the  components,  being 

respectively  injfxda-  and  nrffj/da;  each  vanish  by  the  property 

(§  230)  of  the  centre  of  inertia. 

Traction  oil         703.     But  for  any  other  siiape  of  prism   than   a  solid    or 

prism  con-    Symmetrical    hallow    circular    cylinder,    the   supposed    state   of 

n  simple      straiu  will  require,  besides  the  terminal  opjwsed  couples,  force 

parallel  to  the  length  of  the  prism,  distributed  over  the  pris- 
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matic  boundary,  in  proportion  to  the  distance  along  the  tangent,  Traction  on 
from  each  point  of  the  surface,  to  the  point  in  which  this  line  prism  eon- 

/»■■/>     T.      stramt^d  to 

is  cut  by  a  perpendicular  to  it  from  the  centre  of  inertia  of  the  a  simple 
normal  section.     To   prove   this   let   a  normal  section  of  the 
prism  be  represented   in  the  annexed  diagram.     Let  PK,  re- 
presenting the  shear  at  any  point,  P,  close  to   the   prismatic 
boundary,  be  resolved  into  PN  and  PT  respectively  along  the 

normal  and  tangent. 
The  whole  shear,  PK, 
being  equal  to  rr,  its 
component,  PN,  is 
equal  to  rr  sinco  or 
T .  PE.  The  corre- 
sponding component 
of  the  required  stress 
is  nr.  PE,  and  involves 
(§661)  equal  forces  in 
the  plane  of  the  dia- 
gram, and  in  the  plane  through  TP  perpendicular  to  it,  each 
amounting  to  m  .  PE  per  unit  of  area. 

An  application  of  force  equal  and  opposite  to  the  distribu- 
tion thus  found  over  the  prismatic  boundary,  would  of  course 
alone  produce  in  the  prism,  otherwise  free,  a  state  of  strain 
which,  compounded  with  that  supposed  above,  would  give  the 
state  of  strain  actually  produced  by  the  sole  application  of 
balancing  couples  to  the  two  ends.  The  result,  it  is  easily 
seen  (and  it  will  be  proved  below),  consists  of  an  increased 
twist,  together  with  a  warping  of  naturally  plane  normal 
sections,  by  infinitesimal  displacements  perpendicular  to  them- 
selves, into  certain  surfaces  of  anticlastic  curvature,  with  equal 
opposite  curvatures  in  the  principal  sections  (§  130)  through 
every  point.  This  theory  is  due  to  St  Tenant,  who  not  only 
pointed  out  the  falsity  of  the  supposition  admitted  by  several 
previous  writers,  that  Coulomb's  law  holds  for  other  forms  of 
prism  than  the  solid  or  hollow  circular  cylinder,  but  discovered 
fully  the  nature  of  the  requisite  correction,  reduced  the  deter- 
mination of  it  to  a  problem  of  pure  mathematics,  worked  out 
the  solution  for  a  great  variety  of  important  and  curious  cases, 
VOL.  II.  16 


St  Venant's 
correction 
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I  he  ends 
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compared  the  results  with  observation  iu  a  manner  satisfactory 
and  interesting  to  the  naturalist,  and  gave  conclusions  of  great 
value  to  the  practical  engineer. 
Hydro-  704.     We  take  advantacre  of  the  identity  of  mathematical 

kinetic  .         . 

anaioffue      conditions  in  St  Venant's  torsion  problem,  and  a  hydrokinetic 

to  torsion  *  i         c<      i        • 

problem,  problem  first  solved  a  few  years  earlier  by  btokes*,  to  give 
the  following  statement,  which  will  be  found  very  useful  in 
estimating  deficiencies  in  torsional  rigidity  below  the  amount 
calculated  from  the  fallacious  extension  of  Coulomb's  law : — 

705.  Conceive  a  liquid  of  density  n  completely  filling  a 
closed  infinitely  light  prismatic  box  of  the  same  shape  within 
as  the  given  elastic  prism  and  of  length  unity,  and  let  a  couple 
be  applied  to  the  box  in  a  plane  perpendicular  to  its  length. 
The  effective  moment  of  inertia  of  the  liquid  f  will  be  equal  to 
the  correction  by  which  the  torsional  rigidity  of  the  elastic 
prism  calculated  by  the  false  extension  of  Coulomb's  law  must 
be  diminished  to  give  the  true  torsional  rigiility. 

Further,  the  actual  shear  of  the  solid,  in  any  infinitely  thin 
plate  of  it  between  two  normal  sections,  will  at  each  point  be, 
when  reckoned  as  a  differential  sliding  (§  172)  parallel  to  their 
planes,  equal  to  and  in  the  same  direction  as  the  velocity  of  the 
liquid  relatively  to  the  containing  box. 
Solution  of       706.     To  prove  these  propositions  and  investigate  the  mathe- 

tor-ion  ^  ^       ^  r-  i  i  l. 

probiem.  matical  equations  of  the  problem,  we  first  show  that  the  con- 
ditions of  the  case  (§  GOO)  are  verified  by  a  state  of  strain 
compounded  of  (1)  a  simple  twist  round  the  line  through  the 
centres  of  inertia,  and  (2)  a  distorting  of  each  normal  section 
by  infinitesimal  displacements  perpendicular  to  its  plane :  then 
find  the  interior  and  surface  equations  to  determine  this  warp- 
ing :  and  lastly,  calculate  the  actual  moment  of  the  couple  to 
which  the  mutual  action  between  the  matter  on  the  two  sides 
of  any  normal  section  is  equivalent. 

Tiiking  OXy  OY  in  any  normal  section  through  0  any  con- 
venient point  (not  necessarily  its  centre  of  inertia),  and  OZ  per- 

•  "On  some  cases  of  Fluid  Motion.'*— Cfimb.  Phil.  Tram.  1843;  or  Mathe- 
nuitical  and  Physical  Papers,  Stokes,  Vol.  i.,  page  17. 

t  That  is,  the  momeut  of  imrtia  of  a  rigid  solid  which,  as  will  be  proved  iu 
Vol  n.,  mny  be  fixed  within  the  box,  il  the  liquid  be  removed,  t«  make  its 
xuotioDS  the  same  as  they  are  with  the  liquid  in  it. 
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pendicular  to  them,  let  x  +  a,  y  +  /B,  z  +  y  be  the  co-ordinates  of 
the  position  to  which  a  point  (x,  y,  z)  of  the  unstrained  solid  is 
displaced,  iu  vii'tue  of  the  compound  strain  just  described.  Thus 
y  will  be  a  function  of  x  and  y,  without  z;  and,  if  the  twist 
(1)  be  denoted  by  t  according  to  the  simple  twist  reckoning  of 
§  120,  we  shall  have 

x  +  a  =  x  cos  (tz)  -  y  sin  (t^),    y  +  P  =  x  sin  (rz)  +  y  cos  (jz) . . .  (7). 
Hence,  for  infinitely  small  values  of  z, 

a  =  —  Tyz,   /8  =  Txz (8). 

Adhering  to  the  notation  of  §§  670,  693,  only  changing  to  Saxon  Equations 

of  strain, 

letters,  we  have  stress,  and 

7                                7  internal 

«=0,f=0,  g=.0,  a  =  TX4-^,  b--T2/+^,  C-0 (9).        eiuUibrium. 

Hence  [§  693  (5)] 
P  =  0,  ^-0,  ^  =  0,  S=nfTX  +  '^V  T=nf~Ty  +  ^\  U=0...{10). 

And  with  the  notation  of  §  698,  (8)  and  (9), 

8  =  0,  v'a  =  0,  v'/3  =  0 (11). 

Hence  if  also  ^■*"  ^"^ ^^-^' 

the  equations  of  internal  equilibrium  [§  698  (6)]  are  all  satisfied. 
For  the  surface  traction,  with  the  notation  of  §§  662,  700,  we 
have,  by  §  662  (1), 

F=0,  G^O,  H^Tsui<f>  +  ScO>ifi> (13);        surface 

or  eliminating  T  and  S  by  (10),  and  introducing  dyldp  to  denote  be  made 

z6ro> 
the  rate  of  variation  of  y  in  the  direction  perpendicular  to  the 

prismatic  siu-face,  and  q  (PE  of  §  703)  the  distance  from  the 

point  of  the  surface  for  which  If  is  expressed,  to  the  intersection 

of  the  tangent  plane  with  a  perpendicular  from  0, 

H  -n  U-j-  cos  <^  +  -T^  sin  ^  )  —  t  (y  sin  <}i-x  cos  <j>)  V 

^^"^^       "^-^     ^  •'  L-(ii). 

°'^^="0^"'^)'  j 

To  find  the  mutual  action  between  the  matter  on  the  two  Couple  re- 
sides of  a  normal  sectioii,  we  first  remark  that,  inasmuch  as  each  traction  m 
of  the  two  parts  of  tlie  compound  strain  considered  (the  twist  se'ctkm. 
and  the  warping)  beparately  fulfils  the  conditions  of  §  700,  we 
must  have 

jjTdxdy  =  jxHds,  and  JjSdxdy  =  jyHds  ..    (15). 

IG— 2 
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Hence  when  the  prescribed  surface  condition  ir=0  is  fulfilled, 

we  have  jjTdxdy  =  0,  jjSdxdtj  =  0 (16), 

and  there  remains  only  a  couple 

N=J5{Sx-Ty)d^dy=nrjj{7^  +  y')dxdy-njj(^/^-x^^dxdy...{\l\ 

in  the  plane  of  the  normal  section.     That  condition,  by  (14), 
gives 

-f-  =  rq,  or  -7^ cos <^  +  ^ sin </>  =  t (y  sin  </)-a;cos<^)  ...(18), 
(Lx)  (xy  (XX 

for  every  point  of  the  prismatic  surface. 

We  shall  see  in  Vol.  11.  that  (12)  and  (IS)  are  differential 
equations  which  determine  a  function,  -y,  of  x,  y,  such  that  dyjdx 
and  dyjdy  are  the  components  of  the  velocity  of  a  perfect  liquid 
initially  at  rest  in  a  prismatic  box  as  described  in  §  705,  and  set 
in  motion  by  communicating  to  the  box  an  angular  velocity,  t, 
in  the  direction  reckoned  negative  round  OZ:  and  that  the 
time-integral  (§  297)  of  the  continuous  couple  by  which  this  is 
done,  however  suddenly  or  gi-udually,  is 


^^•'■-^(^S-^^)^-^^^^' 


dy 

which  is  the  excess  of  nrjj  {x*  +  r/*)  dxdy  over  N.  Also,  a  and 
b  in  (9)  are  the  components,  parallel  to  OX  and  OY,  of  the 
velocity  of  the  liquid  relatively  to  the  box,  since  —  ry  and  tx  are 
the  components  of  the  velocity  of  a  point  (a;,  y)  rotating  in  the 
positive  direction  round  OZ  with  the  angular  velocity  t.  Hence 
the  propositions  (^  705)  to  be  proved. 

707.  M.  de  St  Venaut  finds  solutions  of  these  equations  in 
(wo  ways: — (A.)  Taking  any  solutiou  whatever  of  (12),  he  fintJs 
a  series  of  curves  for  each  of  which  (18)  is  satisfied,  and  any 
one  of  which,  therefore,  may  be  taken  as  the  boundary  of  a 
prism  to  wliich  that  solution  shall  be  applicable:  and  (B.)  By 
the  jmrcly  analytical  method  of  Fourier,  he  solves  (12),  subject 
to  the  surface  equation  (18),  for  the  particular  case  of  a  rect- 
angular prism. 
StVenaiif.H  (A.)     For  this  M.  de  St  Venant  finds  a  general  integral  of 

solvfl'hle'  tl'c   boundary  condition,   viewed   as  a   differential  equation  in 

******  terms  of  the  two  variables  x,  y,  thus  : — ^Multiplying  (18)  by  d$, 

and  replacing  sin<^f/*  and  cos  (f>ds  by  iheir  values  dy  and  —  dx, 
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we  have  -^  dy--^dx-  \jd  {x-  +  i/)  =  0 (19).      fnvISVf 

dx  dy  eokable 

In  this  the  first  two  terms  constitute  a  complete  differential  of  a 
function  of  x  and  y,  independent  variables ;  because  y  satisfies 
(12).     Thus,  denoting  this  function  by  u,  we  have 

^=—    and^  =  -— (20) 

dx     dy''  dy        dx  '* 

and  (19)  becomes      du  -  |to?  (x"  +  y^)  =  0, 

which  requires  that     u- ^T{af  +  y'')  =  C (21), 

for  every  point  in  the  boundary.     It  is  to  be  remarked  that, 

because 

d  dy       d  dy 

dx  dy      dy  dx ' 

we  have,  from  (20),      ^  '^dy^"^ .....(22); 

or  M  also,  as  y,  fulfils  the  equation  v°m  =  0.  A  function, 
algebraically  homogeneous  as  to  x,  y,  which  satisfies  this  equation 
is  [Appendix  B.  (a)]  a  spherical  harmonic  independent  of  z. 
Hence  a  homogeneous  solution  of  integral  degree  i  can  only  be 
the  part  of  Appendix  B.  (39)  not  containing  z.     This  is 

where  [Appendix  B.  (26)] 

^  =  x  +  vy,  and  i]  =  x—  vy, 
V  standing  for  J  —'i  ; 
or.  if  we  chanse  the  constants  so  that  the  constants  may  be  real, 

A{{x  +  vyY+  (x  -  vyY}  -vB{{x  +  vyf  -{x-  vyj] (23), 

or,  in  terms  of  polar  co-ordinates, 

2r'(^cosi^  +  ^sin{^) (24). 

Using  this  solution  for  the  case  t  =  2  and  (without  loss  of 
generality)  putting  B—0,  we  have 

u  =  '2A{x'-r) (25); 

whence  by  (20)  y  =  -iAxy.. (26); 

and  the  equation  (21)  of  the  series  of  bounding  curves  to  which 
this  solution  is  applicable  is 


5+S=i-- (2'X 
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if  we  put,  for  brevity, 
-C 


=  a 


-C 


=  h\ 


Tvhich  rrive  iA  =t  -j — j^ , 


80  that  (26)  becomes       y  =  —  t 


a'-b* 


a 


<^1/- 


.(•28). 


a*-f>' 


Using  thia  in  (17)  we  have 

N=  nr  {//  {x^  +  y')  ./.r^y  -  ^^,  //  (a:»  -  y')  dxdy}, 

or,  if  /,  J  denote  the  moments  of  inertia  of  the  area  of  the 
normal  section,  round  the  axes  of  x  and  y  respectively, 

y-nr{j.I-pJ.(J-I)} (2»)> 

or,  lastly,  as  we  have  for  the  elliptic  area  (27), 

/  =  ^mtb  .6*,     J  =  \-7rab  .  a', 

iV=nr(/-./).|l-(^.^^,)}  =  nr^^.J 

Another  very  simple  but  most  interesting  case  investigated 
by  M.  de  St  Venant,  is  that  arrived  at  by  taking  a  harmonic  of 
thf  third  degree  for  u.  Thus,  introducing  a  factor  ^r/a  for 
the  sake  of  homogeneity  and  subsequent  convenience,  we  have 

i^(x-^-3/x)-iT(x»  +  y')=C, 
or  in  polar  co-ordinates, 

l-r*  cos  3^  -  hr*  =  C, 


(30). 


a 


.(31), 


as  an  equation  giving,    by  diflerent  values  of  C,   a  series  of 
bounding  lines,  for  which 

y=iI(y»-3xV)  =  -|^r»sin3^ (32) 

is  the  solution  of  (12),  subject  to  (18).     For  the  particular  value 

(31)    gives    three    straight    lines,    the   sides    of    an   equilateral 
triangle  having  a  for  perj)endicular  from  an  angle  to  the  opposite 
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side,  aud  placed  relatively  to  x  and  y,  as  shown  in  the  diagram  Solution 
(S  708,  below).     Thiis  we  have  the  complete  solution  of  the  ral  triangio, 
torsion  problem  for  a  prism  whose  noi'mal  section  is  an  equi- 
lateral triangle.     Equation  (17)  worked  out  for  this  area,  with 
(32)  for  y,  gives 

But  (K  being  the  proper  moment  of  inertia  of  the  triangle,  and 
A  its  area) 

and  thus,  for  the  torsional  rigidity,  we  have  the  several  ex- 
pressions 

A^         „        j^  1  4  1  S^  1  AH  ^     ''^^*  /1'i\ 

Similarly,  taking  for  it  a  hai'monic  of  the  fourth  degi-ee  and  For  curvi- 
adjusting  the    constants    to    his    wants,    St    Venant    finds    the  squares, 
equation, 

or  r"  -  ar^  cos  4<?  =  1  -  a  j 

to  give,  for  different  values  of  rt,  a  series  of  curvilinear  squares 
(see  diagram  of  §  708  (3),  below),  all  having  rounded  corners, 
except  two  similar  though  differently  turned  curvilinear  squares 
with  concave  sides  and  acute  angles  corresponding  to  a  =  "5, 
and  a  =  -\  [Ji  -  1)  J  for  each  of  which  the  torsion  problem  is 
algebraicaUy  solved. 

And  by  taking  it  the  sum  of  two  harmonics,  of  the  fourth  and  For  star 

.  .  with  four 

eighth  degrees  respectively,  and  properly  adjusting  the  constants,  rounded 

points, 
he  finds 


,.2            4  9 
'o 

17  • 

x' 

< 

or 

< 

— 

48       Ifi        ' 

4  y  ■  TT  •  r^ 
'o 

a;«  -  28.7;V°  +  "O-rV  -  28.r/ +  V 


T  2     IB  

4yTT-  ,.3 

0 


=  l-f7-TT^-(3-5)> 


-^  cos  OP  -  1  -  :fy- .  j--- 


as  the  equation  of  the  curve  shown  in  §  709,  diagram  (4),  for 
which  therefore  the  torsion  problem  is  solved. 

(B.)    The  integration  (21)  of  the  boundary  equation,  introduced  reduction  ^ 
by  St  Veuant  for  use  in  his  synthesis,  (A.)  is  also  very  useful  in  pn,bilm"  * 
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St  Venaiil's 
reduction 
to  Green's 
problem. 


Solution  for 
n-ctangular 
jirism, 


found  by 
Fourifr'8 
iiiiulyMis. 


the  analytical  investigation,  although  he  has  not  80  ajiplied  it. 
First,  we  may  remark,  that  the  determination  of  u  for  a  given 
fonn  of  ])rism  is  a  particular  case  of  "Green's  problem"  proved 
possible  and  df^terminate  in  Apj)endix  A.  (e);  being  to  find  u,  a 
lunctiuii  of  X,  y  which  shall  satisfy  the  equation 

d*u      d'u  _  - 

for  every  point  of  the  area  bounded  a  certain  given  closed  circuit, 
subject  to  the  condition, 


.(36) 


u=^T{x'  +  y') 

for  every  point  of  the  boundary. 

When  u  is  found,  equations  (20)  and  (17)  with  (10)  complete 
the  solution  of  the  torsion  problem. 

For  the  case  of  a  rectangular  prism,   the  solution  is  much 
facilitated  by  taking 


which  ffives 


u-v  +  A  {x*  -  y*)  ■¥  B, 


.(37). 


find  for  boundary  condition, 

v=  (It -  A)  a^  +  (y  +  A) y* - B.  _ 

If  the  rectangle  be  not  square,  let  its  longer  sides  be  parallel  to 
OX ;  and  let  a,  h  be  the  lengths  of  each  of  the  longer  and  each 
of  the  shorter  sides  respectively.     Take,  now, 

A  =  It,   and  B^{Tb' (38). 

The  boundary  condition  becomes 

V  =  0  when  y  =  *  ^6,  1 

v  =  -T{\b'-y')  when  a=-=UJ  ^"^^^ 


and 


To  solve  the  i)robk'ui  by  Fourier's  method  (compare  with  the 
more  difficult  problem  of  §  655),  the  requisite  expansion  of 
\b*  -  y'  is  clearly* 

•  Olitftinablc,  as  n  mutter  of  course,  from  Fourier's  general  theorem,  but  most 
easily  by  two  successive  integrations  of  the  common  formula 
lr=coa0-\  cos  3$  +  \  cos  50  -  etc. 


707.]  STATICS.  249 

^b^-i/  =  (-j  6m  cos  7;  -  ^  cos  Sr;  + -Tg  cos  5r7 -  etc.  >...(40); 

where,  for  brevity   7/ =  7ry/6.  )  ,.^. 

And,  for  the  same  cause,  putting  ^-Trx/b) 

we  have,  for  the  form  of  solution, 

t,=  2{^,^,r(^^-^^)*  +  ^,,,,e-^^^^+^'^}cos(2^+l)>; (42), 

which    satisfies    (37),    and    gives    v  =  0    for    y  —  ^  ^h.      The 
residual    boundary    condition    gives,    for    determining    A  . 
and  ^2,+i' 

ri  +(2i+l):ra/2&        n  -(2i+l)ffa/26-|  _      8t5^     (-  1)^      i 

=  L'2i+l*  +^2i+l«  J-        ^3    (2i  +  l)3j 

These  two  equations  give  a  common  value  for  the  two  xinknown 
quantities  -^^t+V  "^"t+i'  '^'^^^  which  (42)  becomes 
/2\3  (-1)'  ^-(2t+i)f^^+i2m)? 

''^-'^y    ^'^  (2rn7  ,-(2.Hl).a/26  ^  ^+(2t+l).a/26  ^^K^^^  l)^-(4^). 

From  this  we  find,  by  (37),  (38),  and  (20), 

and  (17)  gives,  for  the  torsional  rigidity, 

'2\*  6  1         1  _  g-(2i+l)Ta/6. 


—  =  nab" 

T 


^       W   a      (2i  +  1)*  1  +  g-(2t+l)''a/6  J  •  •  -^^^^ 


If  we  had  proceeded  in  all  respects  as  above,  only  taking  A  =  -\t 
instead  of  -4  =  ^t,  in  (37),  we  should  have  obtained  expres- 
sions for  y  and  iV/r,  seemingly  very  difierent,  but  necessarily 
giving  the  same  values.  These  other  expressions  may  be  written 
down  immediately  by  making  the  interchange  x,  y,  a,  h  for  y,  x, 
b,  a  in  (45)  and  (46),  and  changing  the  sign  of  each  term  of  (45). 
They  obviously  converge  less  rapidly  than  (45)  and  (46)  if,  as 
we  have  supposed,  a>b,  and  it  is  on  this  account  that  we  pro- 
ceeded as  above  rather  than  in  the  other  way.  The  comparison 
of  the  results  gives  astonishing  theorems  of  pure  mathematics, 


Extension 
to  a  class  of 
curvilinear 
rectangles. 


Lamp's 

traniforma- 

tion  to  plane 

isothermal 

co-ordi- 

nntes 


Theorem  of 
Stokes  and 
LamA. 
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such  as  rarely  fall  to  the  lot  of  those  mathematicians  who  confine 
themselves  to  pure  analysis  or  geometry,  instead  of  allowing  them- 
selves to  be  led  into  the  rich  and  beautiful  fields  of  mathematical 
truth  which  lie  in  the  way  of  physical  research. 

A  relation  discovered  by  Stokes*  and  Lamdf  independently 
[which  we  have  already  used  in  equations  (20),  (22)]  taken  in 
connexion  with  Lam6's  method  of  curvilinear  co-ordinates |,  allows 
us  to  extend  the  Fourier  analytical  method  to  a  large  class  of 
curvilinear  rectangles,  including  the  rectlinear  rectangle  as  a 
particular  case,  thus : — 

Let  I  be  a  function  of  x,  y  satisfying  the  equation 

S^^=o ■■ (-). 

and,  as  this  shows  that  -^dy  -~  dx  is  a  complete  differential, 

dx  ay  * 

let 

--\{%'y-%'^) (^')= 

or,  which  means  the  same, 

dy      dx'  dx        dy  ^     '' 

This  other  function  t)  also,  as  we  see  from  (-10),  satisfies  the 
equation 

S-t-^.- ('»)• 

And,  also  because  of  (49),  two  intersecting  curves,  whose  equa- 
tions are 

i^A,    r)  =  B (51), 

cut  one  another  at  right  angles.  Let  now,  A  and  B  being 
supposed  given,  x  and  y  be  determined  by  these  two  equations. 
The  point  whose  co-ordinates  are  x,  y  may  also  be  regarded  as 
8p)ecified  by  {A,  /?),  or  by  the  values  of  ^,  r],  which  give  curves 

•  On  the  Steady  Motion  of  lucomprc^sible  Fhiids.  Camh.  Phil.  Trans., 
1842;  or  Matliematical  and  Physical  Papers,  Stokes,  Vol.  i.,  page  1. 

t  Mtmoire  sue  les  loia  de  I'fiquilibre  da  fluide  ^th^rt  Journal  de  VKcole 
Pobjtechnique,  1834. 

X  See  Tliomson  on  the  Equations  of  the  Motion  of  Heat  referred  to  Curvi- 
linear co-ordinates.  Camb.  Math.  Journal,  1845;  or  Reprint  of  Mathematical 
and  Physical  Papers,  Art.  ix. 
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intersecting  in  (a;,  y).     Thus  (^,  -q)  with  any  particular  values  jheorem  of 
assigned    to    ^   and   -q,  specifies   a  point  in  a  plane.     Common  Lam^. 
rectilinear  co-ordinates  are  clearly  a  particular  case  (rectilinear 
orthogonal  co-ordinates)  of  the  system  of  curvilinear  orthogonal 
co-ordinates  thus  defined.     Let  now  u,  any  function  of  x,  y,  be 
transformed  into  terms  of  ^,  77.      We  have,  by  diSerentiation, 


ds^      dif  ~~  d^-  \dx-      dy-j     ^  d^dt]  \dx  dx     dy  dy) 

dhb  fdrf      drf\       du /d-^      f^'A       du /d-r}      d^r)\       .^^. 
■^  d^'  \d^'  "^  JyV  ^  d$  \M  ^  d^jV'^Jq  V^^  ^  df)  ■  -'^''^^' 


which  is  reduced  by  (49)  and  (50)  to 
dx 


X-  ^  dy""  ~  Uf  ^  dyf)  \d:c  ^  dy") ^     '' 


Hence  the  equation 

transforms  into  ^72+  "Ta  =^ (■^^)' 


Also  the  relations 


dhi 

d'u 

-r-o  + 
dx' 

dy-  ~ 

-0 

d'u 

1 

d'u 
drf~ 

=  0 

de 

dy 
dx 

du 
dx~ 

_dy 
dy 

9),  into 

dy 

dxi, 

dy 

d$' 

d-n 

du 
dy 

transform,  in  virtue  of  (49),  into 

dn^dl'   d$^~d^ ^^^^' 

Hence  the  general  problem  of  finding  u  and  7  has  precisely  the  Solution  for 

01  »  ^         /  r  v"  rectai.gle  of 

same  statement  in  tei-ms  of  L  rj,  as  that  given  above,  (22),  (36),  plane  Tso- 
and  (20),  in  terms  of  x,  y,  with  this  exception,  that  we  have  not 
u-hr  {$-  +  rf),  but  if/(f,  r])  denote  the  function  of  ^,  rj  into 
which  x^  +  y'  transforms, 

n  =  ^7/(1,  77)  for  every  point  of  the  boundary (^^)' 

The  solution  for  the  curvilinear  rectangle 

,  =  /3 


is,  on  Fourier's  plan, 
W  =  S  sin^  (^.-t'"'^*^  -H  ^i'e-'""'")  +  2  sin  '-^  ( V^^'^+  5^"'"^^^).  •  .(08), 
where  Ai^  Ai   are  to  be  determined  by  two  equations,  obtained 
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Solution  for 
rpi'tantrle  of 
plane  iso- 
thermal*. 


Example. 
Rectangle 
bounded  by 
two  ron- 
centric  arcs 
and  two 
radii. 


thus: — Equate  the  coefficient  of  sin  iir$Ja  when  17  =  0  and  when 
17  =  /3  respectively  to  the  coefficients  of  sin  iir$/a  in  the  expansions 
o{  /{$,  0)  andy(^,  ft)  in  series  of  the  form 

P,sin^+P,sin^  +  P  sin^  +  etc. (59) 

'  a  a  "  a 

by  Fourier's  theorem,  §  77.  Similarly,  //,,  2?/,  are  determined 
from  the  expansions  ofy(0,  7;)  andy(a,  77),  in  series  of  the  form 


.(60). 


Q^  Sin  -^  +  Q^sm  ~-  +  Q^ sm  -^  +  etc  .. 

Of  one  extremely  simple  example,  very  interesting  in  theory 
and  valuable  for  practical  mechanics,  we  shall  indicate  the 
details. 


«='<'«  v/^-,"/ 

This  clearly  satisBes  (47);  and  it  gives,  by  (48), 

y 


.(61). 


i7  =  tan~'^ 


X 


.(62> 


The  solution  may  be  expre.ssed  on  the  same  plan  as  in  (37)... 
(45)  by  a  series  of  sines  of  multiples  of  tttj/o,  if  we  take* 

,€^cos(/3-277) 


w  =  y  +  ira* 


cos)3 


(63), 
.(64), 


which,  with  (54),  gives     ^  ,  +  7— ,  =  0 

and  leaves,  as  boundary  conditions  in  the  solution  for  t>, 
,.J,„.(l.S2l(£:^)U.l,eni=0. 

y        cos  /8   J 

,     ,2-f,      cos(/8-277))      -        .  > (65). 

r-AraV"n ^^   ^   "\  when  ^  =  a,  ^     '^ 

(  cosp     j 

and      «  =  0  when  17  =  0,  and  when  17  =  /3. 

The  last  condition  shows  that  the  B^  and  B^  part  of  (58)  is  j^roper 
for  expressing  v,  and  the  first  two  determine  B^  and  B^  as 
usual. 


"  It  shotild  be  noticed  that  this  solution  fails  for  the  case  ol  ^  =  \  ('it  + 1)  v. 
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Or  when  it  is  best  to  have  the  result  in  series  of  sines  ofRectaneie 

'ea  ' 


multiples  of  ir^'a ,  we  may  take 


M  =  1(7  + 


1-1.  -xl      /K^\         •  ^^'"^         ^"'"^        A 

which,  with  (54),  gives      -3-j+  — —  =  0. 


.(66), 


boundea  by 
two  con- 
centric arcs 
and  two 
radiL 


and  leaves,  as  boundary'-  conditions  in  the  solution  for  to, 


2a 


w 


zlA 


=  \Ta-  Y'^ -\-'^- -k\  when  ^7  =  0,  and  when  i7  =  /3,  ,         _  . 


ana 


w  =  0  when  ^=0,  and  when  |=a. 


The  last  shows  that  the  A^  and  A^  part  of  (58)  is  proper  for  to, 
and  the  two  first  determine  A^,  A^. 

708.  St  Venant's  treatise  abounds  in  beautiful  and  instruc- 
tive graphical  illustrations  of  his  results,  from  which  we  select 
the  foUowiug : — 

(1)     Elliptic  cylinder. — The  plain  and  dotted  curvilinear  arcs  contour 

,.         ,,     ,  ,  ,.  \(?ii  ,•  lines  of  nor- 

are     contour  lines     (coupes  topoqraphiques)  oi  tne  section  as  mai  section 

\       X-  r  ^      r      :i  of  elliptic 

cv Under,  as 

warped  by 

torsion : 

equilateral 

hyperbolas. 


wai-ped  by  torsion ;  that  is  to  say,  lines  in  which  it  is  cut  by 
a  series  of  parallel  planes,  each  perpendicular  to  the  axis,  or 
lines  for  Avhich  7  (§  706)  has  different  constant  values.  These 
lines  are  [§  707  (28)]  equilateral  hyperbolas  in  this  case.     The 


25-t 


ABSTRACT   DYNAMIC'S. 


[708. 


Contour 
lin<'8  of  nor- 
mal section 
of  triangu- 
lar priHiii,  as 
warp'jd  by 
torbion. 


Dincrram  of 
St  Venant's 
curvilinear 
squares  for 
wliicb  tor- 
sion prob- 
lem is 
bolvuljlti. 


arrows  indicate  the  direction  of  rotation   in   the  part  of  the 
prism  above  the  plane  of  the  diagram. 

(2)  E<iuilateral  triangular 
prism.  —  The  contour  lines 
are  shown  as  in  case  (1) ; 
the  dotted  curves  being  those 
where  the  warped  section 
falls  below  the  plane  of  the 
diagram,  the  direction  of 
rotation  of  the  part  of  the 
prism  above  the  plane  be- 
ing indicated  by  the  beat 
arrow. 

(3)     This   liagram  shows  the  series  of  lines  represented  by 
(34)  of  §  70/,  with  the  indicated  values  for  a.     It  is  remarkable 


that  the  values  a  =  0"5  and  a  =  —  ^(\f2  —  l)  give  similar  but 
not  equal  curvilinear  squares  (hollow  sides  and  acute  angles), 
Olio  of  them  turned  through  half  a  right  angle  relatively  to  the 
other.     Everything  in  the  diagram  outside  the  larger  of  these 


708.] 


STATICS. 


255 


squares  is  to  be  cut  away  as  irrelevant  to  the  physical  problem ; 
the  series  of  closed  curves  remaining  exhibits  figures  of  prisms, 
for  any  one  of  which  the  torsion  problem  is  solved  algebraically. 
These  figures  vary  continuously  from  a  circle,  inwards  to  one 
of  the  acute-angled  squares,  and  outwards  to  the  other :  each, 
except  these  extremes,  being  a  continuous  closed  curve  with 
no  angles.  The  curves  for  a  =  0*4  and  a  =  -  02  approach  re- 
markably near  to  the  rectilinear  squares,  partially  indicated  in 
the  diagram  by  dotted  lines. 

(4)     This  diagram  shows  the  contour  lines,    in  all  respects 
as  in  the  cases  (1)  and  (2),  for  the  case  of  a  prism  having  for 


Contour 
lines  for  St 
Venant's 
"6toile  t 
quatre 
points  ar- 
rondis." 


section  the  figure  indicated.  The  portions  of  curve  outside 
the  continuous  closed  curve  are  merely  indications  of  mathe- 
matical extensions  irrelevant  to  the  physical  problem. 
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Coriiour  (^)     "^^^^  sliows  OS,  in  the  other  cases,  the  contour  lines  for 

mau"ction'  ^^^  warped  section  of  a  square  prism  under  torsion, 

of  square  . .-  -^r 

;.risni,  as  *  ^N^>^ 

warped  by 
tomou. 


Elliptic  (6).  (7),  (8).     These  are  shaded  drawings,  showing  the  ap- 

fi?u're%-"    pearances    presented    by  elliptic,  stpiare,  and  flat  rectangular 

anf^ulitrbara 

twisted.  Jir''^;isr-^B      AvE^^^ — \A 


p 

'^' \ 

A 

u 

1 

A 

^ 

n     f 

bars  under  exaggerated  torsion,  a?  may  be  realized  with  such 
a  substance  as  India  rubber. 
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709.  Inasmuch  as  the  moment  of  inertia  of  a  plane  area 
about  an  axis  through  its  centre  of  inertia  perpendicuhir  to  its 
plane  is  obviously  equal  to  the  sum  of  its  moments  of  inertia 
round  any  two  axes  through  the  same  point,  at  right  angles  to 
one  another  in  its  plane,  the  fallacious  extension  of  Coulomb's 
law,  referred  to  in  §  703,  would  make  the  torsional  rigidity  of  a 
bar  of  any  section  equal  to  njM  (§  694)  multiplied  into  the  sum 
of  its  flexural  rigidities  (see  below,  §  715)  in  any  two  planes  at 
right  angles  to  one  another  through  its  length.  The  true  theory, 
as  we  have  seen  (§§  705,  706),  always  gives  a  torsional  rigidity 
less  than  this.  How  great  the  deficiency  may  be  expected  to 
be  in  cases  in  which  the  figure  of  the  section  presents  project- 
ing angles,  or  considerable  prominences  (which  may  be  imagined 
from  the  hydrokinetic  analogy  we  have  given  in  §  705  ,  has 
been  pointed  out  by  M.  de  St  Venant,  with  the  important 
practical  application,  that  strengthening  ribs,  or  projections 
(see,  for  instance,  the  fourth  annexed  diagram),  such  as  are 
introduced  in  engineering  to  give  stiffness  to  beams,  have  the 
reverse  of  a  good  effect  when  torsional  rigidity  or  strength  is  an 
object,  although  they  are  truly  of  great  value  in  increasing  the 
flexural  rigidity,  and  giving  strength  to  bear  ordinary  strains, 
which  are  always  more  or  less  flexural.  With  remarkable 
ingenuity  and  mathematical  skill  he  has  drawn  beautiful  illus- 
trations of  this  important  practical  principle  from  his  algebraic 
and  transcendental  solutions  [§707  (32),  (34),  (35),  (45)].    Thus 


Torsional 
rigidity  less 
in  propor- 
tion to  sum 
of  principal 
flexural 
rigidities 
than  ac- 
cording to 
false  exten- 
sion (§  703) 
of  Cou- 
lomb's law. 


ilatios  of 
torsional 
rigidities 
to  those  of 
solid  circu- 
lar rods. 


(1) 

Rectilinear 

square. 


(2) 
Square  with  curved 
corners  and  hollow 
sides;  being  curve, 
0  =  0  4,  of  §708  (3). 


Square  with  acute 

angles  and  hollow 

sides. 


Star  with  four 

rounded  points. 

being  a  curve  of 

the  eighth  degree, 

[§  707  (35)J. 


(5) 

Equilateral 

triangle. 


•84846. 
■88326. 


•SlSti. 

'S,<m. 


•778^ 
•8276. 


•5.374. 
•6745. 


•60000. 
■72o5-2 


for  an  equilateral  triangle,  and  for  the  rectilinear  and  three 

curvilinear  squares  shown  in  the  annexed  diagram,  he  finds  for 
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258  ABSTRACT   DYNAMICS.  [709. 

the  torsional  rigidities   the   values   stated.     The  number  im- 
mediately below  the  diagram  indicates  in  each  case  the  frac- 
tion which  the  true  torsional  rigidity  is  of  the  old  fallacious 
(a)  of  same   estimate  (§703);   the  latter  being  the  product  of  the  rigidity 
inertia',  °    of  the  substauce  into  the  moment  of  inertia  of  the  cross  section 
round  an  axis  perpendicular  to  its  plane  through  its  centre  of 
inertia.     The  second  number  indicates  in  each  case  the  fraction 
(6)of  smifi   which  the  torsional  rigidity  is  of  that  of  a  solid  circular  cylinder 

quant  a. V  I'f       r-  .i  ,  •  i 

matenui.      01  the  Same  sectional  area. 

Places  of  710.     M.  de  St  Venant  also  calls  attention  to  a  conclusion 

(li^to^tion    from  his  solutions  Avhich  to  many  may  be  startling,  that  in  his 

in  twisted        .  J  J  o' 

prisms.  Simpler  cases  the  places  of  greatest  distortion  are  those  points 
of  the  boundary  which  are  nearest  to  the  axis  of  the  twisted 
prism  in  each  case,  and  the  places  of  least  distortion  those 
farthest  from  it.  Thus  in  the  elliptic  cylinder  the  substance  is 
most  strained  at  the  ends  of  the  smaller  principal  diameter,  and 
least  at  the  ends  of  the  greater.  In  the  equilateral  triangular 
and  square  prisms  there  are  longitudinal  lines  of  maximum  strain 
through  the  middle  of  the  sides.  In  the  oblong  rectangular 
prism  there  are  two  lines  of  greater  maximum  strain  through 
the  middles  of  the  broader  pair  of  sides,  and  two  lines  of  less 
maximum  strain  through  the  middles  of  the  narrow  sides.  The 
strain  is,  as  we  may  judge  from  (§705)  the  hydrokinetic  ana- 
logy, excessively  small,  but  not  evanescent,  in  the  projecting  ribs 
of  a  prism  of  the  figure  shown  in  (4)  §  709.  It  is  quite  evanes- 
soiidofniiy  cent  infinitely  near  the  angle,  in  the  triangular  and  rectangular 
having        prisms,  and  in  each  other  case  as  (3)  of  S  709,  in  which  there 

e<lK' s,  or        f  _  \    /  o  » 

orT^mi''"'    ^^  *  finite  .angle,  whether  acute  or  obtuse,  projecting  outwards. 

unrti-r'         -^'^^^  reminds  us  of  a  general  remark  we  have  to  make,  although 

HiRss.         consideration  of  space  may  oblige  us  to  leave  it  without  formal 

proof.    A  solid  of  any  elastic  substance,  isotropic  or  aeolotropic, 

bounded  by  any  surfaces  presenting  projecting  edges  or  angles, 

or  re-entrant  angles  or  edges,  however  obtuse,  cannot  experience 

any  finite  stress  or  strain  in  the  neighbourhood  of  a  projecting 

strain  at      angle  (trihedral,  polyhedral,  or  conical);  in  the  neighbourhood 

nniiios,        of  an   edge,   can    only   experience   simple   longitudinal   stre.ss 

parallel  to  the  neighbouring  part  of  the  edge ;  and  generally 
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experiences  infinite  stress  and  strain  in  the  neighbourhood  of 
a  re-entrant  edge  or  angle ;  when  influenced  by  any  distribu- 
tion of  force,  exclusive  of  surface  tractions  infinitely  near  the 
angles  or  edges  in  question.  An  important  application  of  the 
last  part  of  this  statement  is  the  practical  rule,  well  known  in 
mechanics,  that  every  re-entering  edge  or  angle  ought  to  be 
rounded  to  prevent  risk  of  rupture,  in  solid  pieces  designed  to 
bear  stress.  An  illustration  of  these  principles  is  afforded  by 
the  concluding  example  of  §  707 ;  in  which  we  have  the  com- 
plete mathematical  solution  of  the  torsion  problem  for  prisms 
of  fan-shaped  sections,  such  as  the  annexed  figures.  In  the 
cases  corresponding  to  a  =  0,  we  see,  without  working  out  the 
solution,  that  the  distortion  d<ylrdT]  vanishes  when  r  =  0,  if  /3  is 
<  77 ;  becomes  infinite  when  r  =  0,  if  /3  is  >  tt  ;  but  is  finite 
and  determinate  if  /3  =  tt. 


At  re-en- 
trant angle? 
iuflaite. 

Liability  to 
cracks  pro- 
ceeding 
from  re- 
entrant 
angles,  or 
any  places 
of  too  sharp 
concave 
curvature. 


Cases  of 
curvilinear 
rectansrles 
for  which 
torsion  pro- 
blem has 
been  solved. 


The  solution  indicated  above  determining  v  to  satisfy  (64) 
and  (65)  of  §  707,  if  translated  into  polar  co-ordinates  r,  rj,  such 
that  x  =  r  cos  •>;,  and  y  =  r  sin  rj,  with  7r/y8  =  v,  becomes  merely 
this — 

-y  =  2  (i^j-r'"  +  B-r-  '■")  sin  ivr?  * (69), 

where  Bi,  Bl  are  to  be  determined  by  the  equations  (65)  of 
§707,  with  r  =  a  and  r  =  a  instead  of  ^  =  0  and  f=a,  and  a'^ 
instead  of  «*€"''  (a  and  al  denoting  the  radii  of  the  concave  and 
convex  cylindrical  surfaces  respectively).  When  a  =  0,  these 
give  Bi  =  0  ;  and  therefore 


Distortion 
zero  a  t 
centnd 
angle  of 
sector  (4), 
infinite  at 
central 
angle  of 
sector  (ti): 
zero  at  all 
the  othi  r 
angles. 


/  dv 


dv\ 
—J-  j        is  zero,  or  equal  to  B  cos  tj,  or  infinite, 


according  as  v  >  1,  =  1,  or  <  1  ;  whence  also  follow  similar  results 

ior(±)       . 
\rar}/,.^Q 

*  Compare  §  707  (23)  (24) ;  by  which  we  see  that  this  solution  is  merely  the 
general  expression  in  polar  co-ordinates  for  series  of  spherical  harmonics  of  x,  y, 
with  z  =  0,  of  degrees  i,  2i,  3i,  etc.,  and  -  i,  -  2i,  -  3i,  etc.  These  are  "  complete 
harmonics  "  when  i  is  unity  or  any  integer. 

17—2 
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Problem  of 
flexure. 


711.  To  prove  the  law  of  Hexure  (§§  591,  592),  and  to 
investigate  the  flexural  rigidity  (§  596)  of  a  bar  or  wire  of 
isotropic  substance,  we  shall  first  conceive  the  bar  to  be  bent 
into  a  circular  arc,  and  investigate  the  application  of  force 
necessary  to  do  so,  subject  to  the  following  conditions: — 

(1)  All  lines  of  it  parallel  to  its  length  become  circular  arcs 
in  or  parallel  to  the  plane  ZOX,  with  their  centres  in  one  line 
perpendicular  to  this  plane ;  OZ  and  all  lines  parallel  to  it 
through  OY  being  bent  without  change  of  length. 

(2)  All  normal  sections  remain  plane,  and  perpendicular 
to  those  longitudinal  lines,  so  that  their  planes  come  to  pass 
through  that  line  of  centres. 

(3)  No  part  of  any  normal  section  experiences  deformation. 


Forced  con- 
dition of  no 
distortion 
in  normal 
Bcctions. 


IX 


A  section  DOE 
of  the  beam  be- 
ing chosen  for 
plane  of  i-efer- 
ence,  XO  V,  let 
■P,  {x,i/,z)he  huy 
point  of  the  un- 
bent, and  P", 
{x',y\z')  the  same 
point  of  the  bent, 
beam  ;  each  seen 
in  jiiojection,  on 
tlu' plane  i^(^>X,  in 
the  diagnim :  and 
let  p  be  the  radius 
of  the  arc  ON', 
into    which    the 


line  ON  of  the  strait;ht  beam  is  bent.     AW-  have 


«  =  a:  + 


(p-a:)  (1 -cos-),  y'  =  y,   2=  (p-x)  sin  *. 
\  P/  P 


But,  according  to  the  fundamental  limitation  (§  588),  x  is  at 
most  infinitely  small  in  comparison  with  p  :  and  through  any 
length  of  the  bar  not  exceeding  its  greatest  transverse  dimen- 
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sion,  z  is  so  also.     Hence  we  neglect  higher  powers  of  x\p  and 
z\p  than  the  second  in  the  preceding  expressions ;  and  putting 

a;'  -  X  =  a,  ?/'  -  2/  =  /3,  «'  -  «  =  r. 


xz 


1-,   /3  =  0,   y^- 
P  P 


we  have 

These,  substituted  in  §  693  (5)  and  §  697  (2),  give 


.{!). 


P=-{r\i-n)'-,   Q  =  -{Tii-n)-,  R  =  -{7)1  +  11)-  \ 

P  }■    ■■{^)- 


P  '  P 

^=0,  T=0,  U  =  0, 


J 


•(3). 


Surface 
tracnon 
(-P,  Q),  re- 
quired to 
prevent 
distortion 
in  normal 
section. 


The  interpretation  of  this  result  is  interesting  in  itself,  but.  not 
requiring  it  for  our  present  purpose,  we  leave  it  as  an  exercise 
to  the  student. 

712.  The  problem  of  simple  flexure  supposes  that  no  force 
is  applied  from  without  either  as  traction  on  the  sides  of  the 
bar,  or  as  force  acting  at  a  distance  on  its  interior  substance, 
but  that,  by  opposing  couples  properly  applied  to  its  ends, 
it  is  kept  in  a  circular  form,  with  strain  and  stress  uniform 
throughout  its  length. 

To  the  a,  fi,  y  of  last  section  let  corrections 
a'=hK{x'-f),   li'  =  Kxy,   y'=0, 
be  added.     This  will  give,  by  §  693  (5), 

P  =  Q'  =  -2mKx,  Ii'  =  2{m-n)Kx,  S'-^O,  T'  =  0,   U'  =  0, 
and  by  §  698  (2) 

X'  =  -2mK,   r  =  0,  Z'  =  0, 
to  be  added  to  the  P,  Q...X,  Y,  Z.     Hence  if  we  take 

m  —  n 


Correction 
to  do  nway 
with  lateral 
traction, 
and  bodily 
force. 


K. 


2mp  ' 


the  surface  tractions  on  the  sides  of  the  bar  and   the  bodily 
forces  are  reduced  to  nothing ;  so  that  if  now 


St  Venant'9 


2p  i  2in  ^/)y    t^       „     2»l       '^      '  p  ^   '      flexure  pro- 

^  r  r  blem. 

we  have  [§  670  (6)  and  §  693  (6)] 


171  —  n        a- 

c  =  -o x  =  -x,  J 

2pm         p 


m  —  n        (T  11 

— ij x  =  -x,  g  =  —  X,    \         ,.. 

2pm         p    '  ^        p    '    L...(2), 


a=b=c= 0 


2G2  ABSTRACT   DYxNAMICS.  [712. 

St  Tenant's  and  [§  693  (5),  §  694  (6)1 

Rolution  of  LC  \    /}  0  \    /J 

fleiure  pro-  /  o  \  -» 

To  complete  the  fulfilment  of  the  conditions,  it  is  only  necessary 
lliiit  the  traction  across  each  normal  section  be  reducible  to  a 
couple.     Hence 

JJIidzdi/  =  0, 
or,  by  (3), 

jjxdxdy  =  0 ; 
that  is  to  say, 

Flexure  or  a      713      In  Older  that  no    force,  but  only  a  bending  couple, 

may  be  transmitted  along  the  rod,  the  centre  of  inertia  of  the 

normal  section  must  be  in  OY,  that  line  of  it  in  which  it  is 

Line  out    by    the    surface    separating  longitudinally   stretched   from 

contrl^s'of     longitudinally  shortened  parts  of  the  substance. 

inertia  of 

se^cViona  714.     In  our  analytical  expressions  only  an  infinitely  short 

chaiiK.'d  in  part  of  the  beam  has  been  considered ;  and  it  has  not  been 
necessary  to  inquire  whether  the  axis  of  the  couple  called  into 
FiPiuro       p'  ''V  is  or  is  not  perpendicular  to  the  plane  of  flexure.     But 
fln'i?cnnirie  ^vhcn  SO  great  a  length  of   the  beam   is  concerned,  that  tlie 
planed         change  of  direction  (§  5)  from  one  end  to  the  other  is  finite, 
the  couples  on  the  ends  could  not  be  directly  opposed  unless 
their  axes  were  both   perpendicular  to  the  plane  of  flexure, 
inasmuch  as  each  axis  is  in  the  proper  normal  section  of  the 
rod.     For  finite  flexure  in  a  circular  arc,  without  lateral  con- 
must  be  in    straint,  we  must  therefore  have 

cither  of  two 

planes,  if  jjRydxdy  =  0;  whence,  by  (3),  jjxydxdy  =  0: 

produced 
simply  by 

coi'r^iei'on  ^^^^^  ^^  *°  ^y*  ^^®  ph'vne  of  flexure  must  be  perpendicular  to  one 
ends*°  ^'^  ^^^  ^^^  principal  axes  of  inertia  of  the  normal  section  in 
its  own  plane.  This  being  the  case,  the  moment  of  the  whole 
coujilo  acting  across  each  normal  section  is  equal  to  the  product 
of  the  curvature,  into  the  Young's  modulus,  into  the  moment 
of  inertia  of  the  area  of  the  normal  section  round  its  principal 
axis  perpendicular  to  the  plane  of  flexure. 
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For  we  have  [§712  (3)] 


3f 


jjRxdxdy  = jjx'dxdy (4). 

715.  Hence  in  a  rod  of  isotropic  substance   the  principal  Principal 
axes  of  flexure  (§  599)  coincide  with  the  principal  axes  of  inertia  rigidities 
of  the   area   of  the   normal   section ;    and   the   corresponding 
flexural  rigidities   [§  596]   are  the   moments  of  inertia  of  this 

area  round  these  axes  multiplied  by  Young's  modulus, 

716.  The  interpretation  of  the  results  [§  712  (2),  (3)]  to 
which  the  analytical  investigation  has  led  us  is  simply  that  if 
we  imagine  the  whole  rod  divided,  parallel  to  its  length,  into 
infinitesimal  filaments  (prisms  when  the  rod  is  straight),  each 
of  these  shrinks  or  swells  laterally  with  sensibly  the  same 
freedom  as  if  it  were  separated  from  the  rest  of  the  substance, 
and  becomes  elongated  or  shortened  in  a  straight  line  to  the 
same  extent  as  it  is  really  elongated  or  shortened  in  the  circular 
arc  which  it  becomes  in  the  bent  rod.  The  distortion  of  the 
cross  section  by  which  these  changes  of  lateral  dimensions  are 
necessarily  accompanied  is  illustrated  in  the  annexed  diagram. 

Geometrical 
interpreta- 
tion of  dis- 
tortion in 
normal 
plane. 
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vnticiastic   in  wliich  either  the  whole  normal  section  of  a  rectaugular  beam, 
curvntures    OF  a  rectanfnilur  area  in  the  normal  section  of  a  beam  of  any 

produced  in     ,  .  ...  .         ,  ,  •         i     /» 

thofour       hirure,   IS  represented   in   its  strained   and   unstrained  hffures, 

sid'sofn  o  '  X  mi  /T 

nruntfiiiar  with  the  Central  point  0  common   to  the  two.     The  flexure 

prism  ny 

iiexureiiia  jj;  Jq  planes  perpendicular  to  YOY,,  and  concave  upwards  (or 

principal  '  r      r  i'  ,  ,  .  . 

piano.  towards  A');  G  the  centre  of  curvature,  being  in  the  direction 
indicated,  but  too  far  to  be  included  in  the  diagram.  The 
straight  sides  AC,  BD,  and  all  straiglit  lines  parallel  to  them, 
of  the  unstrained  rectangular  area  become  concentric  arcs 
of  circles  concave  in  the  opposite  direction,  their  centre  of 
curvature,  H,  being  for  rods  of  gelatinous  substance,  or  of  glass 
or  metal,  from  2  to  4  times  as  far  from  0  on  one  side  as  G 
is  on  the  other.  Thus  the  originally  plane  sides  AC,  BD 
of  a  rectangular  bar  become  auticlastic  surfaces,  of  curvatures 
1/p  and  —  ajp,  in  the  two  principal  sections.  A  flat  rectangular, 
or  a  s(j[uare,  rod  of  India  rubber  [for  which  o-  amounts  (§  GS^) 
to  very  nearly  ^,  and  which  is  susceptible  of  very  great  amounts 
of  strain  without  utter  loss  of  corresponding  elastic  action], 
exhibits  this  phenomenon  remarkably  well. 

Kxperi-  717.    The  conditional  limitation  (§  588),  that  the  curvature  is 

il'iuitration.  to  be  very  small  in  comparison  with  that  of  a  circle  of  radius 
equal  to  the  greatest  diameter  of  the  normal  section  (not  ob- 
viously necessary,  and  indeed  not  generally  known  to  be  neces- 
sary, we  believe,  when  the  greatest  diameter  is  perpendicular 
to  the  plane  of  curvature),  now  receives  its  full  explanation. 
For  unless  the  breadth,  AG,  of  the  bar  (or  diameter  perpen- 
dicular to  the  plane  of  flexure)  be  very  small  in  comparison 
with  the  mean  proportional  between  the  radius,  OH,  and  the 
thickness,  AB,  the  distances  from  OF  to  the  corners  A',  C 
Unmiru-  would  fall  sliort  of  the  half  thickness,  OE,  and  the  distances 
ofor.iiimry'  to  B' ,  D'  would  cxcccd  it  by  differences  comparable  with  its 
a  ti'iin  nat  uwu  auiount.  This  would  give  rise  to  sensibly  less  and  greater 
shortenings  and  stretchings  in  the  filaments  towards  the  corners 
than  those  expressed  in  our  formuke  [§  712  (2j],  and  so  vitiate 
the  solution.  Unhappily  mathematicians  have  not  hitherto 
succeeded  in  solving,  possibly  not  even  tried  to  solve,  the 
beautiful  problem  thus  presented  by  the  flexure  of  a  broad 
very  thin  baud  (such  as  a  watch  spring)  into  a  circle  of  radius 
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comparable  with  a  third  proportional  to  its  thickness  and  its 
breadth.     See  §  657. 

718.     But,  provided  the  radius  of  curvature  of  the  flexure  Hence 

nccGssitv 

is  not  only  a  large  multiple  of  the  greatest  diameter,  but  also  for  stricter 

,  .     y  °.  ,        ^    ,  ,.  "  .  1  T       1        limitation, 

01  a  third  proportional  to  the  diameters  m  and  perpendicular  §  628,  of 

•^       ^  .      curvature 

to  the  plane  of  flexure;  then  however  great  may  be  the  ratio  than  §  sss 

^  '  .  ,       .         .     '"'hen  a  thin 

of  the  neatest  diameter  to  the  least,  the  preceding  solution  is  fiat  spring 

®  -"^  "  _         IS  bent  in  a 

applicable:  audit  is  remarkable  that  the  necessary  distortion  p'^ne  per- 

■■^■^  '  "^  jxndicular 

of  the  normal  section   (illustrated  in  the  diagram  of  §  716)  ^J^^^^j^ 
does  not   sensibly   impede   the   free   lateral   contractions  and 
expansions  in  the  filaments,  even  in  the  case  of  a  broad  thin 
lamina  (whether  of  precisely  rectangular  section,  or  of  unequal 
thicknesses  in  difi'erent  parts). 


719.     Considering  now  a  uniform  thin  broad  lamina  bent  Transition 
in  the  manner  supposed  in  the  preceding  solution,  we  have  of  a  plate, 
precisely  the  case  of  a  plate  under  the  influence  of  a  simple 
bending  stress  (§  638).     If  the  breadth  be  a,  and  the  thickness 
b,  the  moment  of  inertia  of  the  cross  section  is  -^ijlr.ah,  and  Flexure  of  a 
therefore  the  flexural  rigidity  is  -^^Mah^,  or  -^-^MU  if  the  breadth  smgiebend- 

**  "  in^  stress* 

be  unity.    Hence  a  couple  K  (S  637)  would  bend  it  to  the  curva-  by  simui-' 

taneous 

ture   12K/Mb^  length-wise  (or   across  its  length),  and  (§  716)  bending 

stresses  in, 

would    produce    the    curvature    12aK/M¥    breadth-wise    (or  two  planes 

,  .  .  .  at  right 

across  the  breadth),  but  with  concavity  turned  in  the  contrary  angles  to 

.  -r.        ■      1        1  1       •  1-  ^  n-  "^  One  another. 

direction.  Precisely  the  same  solution  applies  to  the  enect  of 
a  bending  stress,  consisting  of  balancing  couples  applied  to 
the  two  edges,  to  bend  it  across  the  dimension  which  hitherto 
we  have  been  calling  its  breadth.  And  by  the  principle  of 
superposition  we  may  simultaneously  apply  a  pair  of  balancing 
couples  to  each  pair  of  parallel  sides  of  a  rectangular  plate, 
without  altering  by  either  balancing  system  the  effect  of  the 
other ;  so  that  the  whole  effect  will  be  the  geometrical  result- 
ant of  the  two  effects  calculated  separately.  Thus,  a  square 
plate  of  thickness  b,  and  with  each  side  of  length  unity,  being 
given,  let  pairs  of  balancing  couples  K  on  one  pair  of  opposite 
sides,  and  A  on  the  other  pair,  be  applied,  each  tending  to  pro- 
duce concavity  in  the  same  direction  when  positive.     If  k  and 
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X  denote  the  whole  curvatures  produced  in  the  planes  of  these 
couples,  we  shall  have 


"  =  3-V6»<^-"*^^- 


and 


X  = 


1 


i^MU 


(A-aK) 


.(1). 

.(2). 


720.     To  find  what  the  couples  must  be  to  produce  simply 

let  \  = 

A  =  c7K 


stress  in 

curvature:   cylindrical  curvature,  /c,  let  \  =  0.     We  have 


and 


^=-h 


Mh' 


K. 


.f3). 


in  spherical  Or  to  produce  Spherical  curvature,  let  k  =\.     This  gives 

curvature: 

^  =  ^  =  1^1^-'^ w- 


in  anti- 
clastic 
curvature. 


Or  lastly,  to  produce  anticlastic  curvature,  ef^ual  in  the  two 
directions,  let  «  =  -  \.     This  gives 


K  =  —  A  =  tV  :; K 


.(5). 


Hence,  comparing  with  §  G-il  (10)  and  §  042  (16),  we  have,  for 
A  the  cylindrical  rigidity,  and  for  f)  and  fe  the  synclastic  and 
anticlastic  rigidities  of  a  uniform  plate  of  isotropic  material, 


^  =  v. 


J/6» 


l-cr 


» » 


^a^lZ:  ^     ^1-cr'^      -^l-fcr* 

OT'svn-'  or  [§  G94  (6)  and  §  608  (5)1 

cliislic.  (h)  ■■ 

anticlastic.  Sfikb^  n  (2vi  -  n)  b'       .        .    ,, 


...(6). 


2(3^  +  4w)         6(w  +  n) 

The  coefficient  ..1  which  a})pears  in  tiie  equation  of  ecpiiliJLirium 
of  a  plate  urged  by  any  forces  [§  644  (6)  and  §§  649... 652], 
and  c,  which  appears  in  its  boundary  conditions,  are  [§G42  (16)] 
given  in  terms  of  \)  and  fe  thus  simply  : — 

A  =  ^[\)  +  'k),  c=iil)-k) (7). 


721.]  STATICS.  207 

721      It    is    interestinsf  and   instructive    to  investigate    the  Same  result 

°  _  °  for  iinti- 

anticlastic  flexure  of  a  plate  by  viewincr  it  as  an  extreme  ease  clastic  flox- 

1.  -z  o  ^         ureoiaplate 

of  torsion.      Consider   first    a   flat   bar  of  rectangular  section  |[J^^',^^  ^^ 
uniformly  twisted  by  the  proper  application  of  tangential  trac-  from'Ji^'J,,^ 
tions  [§  706  (10)]  on  its  ends.     Let  now  its  breadth  be  com-  J^;;?;'?,'^^^ 
parable  with  its  length  ;  equal,  for  instance,  to  its  length.     We  P"*"^- 
thus  have  a  square  plate  twisted  fey  opposing  couples  applied 
in  the  planes  of  two  opposite  edges,  and  so  distributed  over 
these  ai'eas  as  to  cause  uniform  action  in  all  sections  parallel 
to  them  when  the  other  two  edges  are  left  quite  free.    If,  lastly, 
we  suppose  the  thickness,  6,  infinitely  small  in  comparison  with 
the  breadth,  a,  in  (46)  of  §  707,  we  have 

X=yiTa¥ (8). 

The  twist  r  per  unit  of  length  gives  ar  in  the  length  a,  which 
[§  640  (4)]  is  equivalent  to  an  anticlastic  curvature  ■or  (according 
to  the  notation  of  §  639),  equal  to  t.  And  the  balancing  couple 
N  applied  in  only  one  pair  of  opposite  sides  of  the  square  is,  as 
we  see  by  §  656,  equivalent  to  an  anticlastic  stress  (according 
to  the  notation  of  §  637)  ll  =  ^N/a.  Hence,  for  the  anti- 
clastic rigidity,  according  to  §642  (13),  we  have 

n      iV 

\i=-=h-  =  inh^ (9). 

which  agrees  wath  the  value  (6)  otherwise  found  in  §  720,  by 
the  composition  of  flexures. 

It  is  most  important  to  remark — (1)   That  one-half  of  the  Anaiysisof 

>-  ^    '  traction  m 

part  Inrah^  in  the  value  of   N  given  by  the  formula  (46)  of  normal 

r  3  o  J  V       /  section  of 

§  707,  is  derived  from  a  and  /3  as  given  by  (8)  of  §  706,  and  the  [.jj^^^'f^^^j^ 
term  -  rxy  of  y  by  (45) ; — and   (2)   That  if   we  denote  by  y  prism, 
the  transcendental  series  completing  the  expression  (45)  for  y, 

it  is  the  term  n^jx-^dxdy  of  §  706  (17),  that  makes  up   the 

other  half  of  the  part  of  N  in  question,  and  that  it  does  so  as 
follows,  according  to  the  process  of  integrating  by  parts,  in  which 
it  is  to  be  remembered  that  to  change  the  sign  of  either  x  or  y, 
simply  changes  the  sign  of  y' : — 


n 


|-i«    chb  ^d^.^^^  /•*«  xGdx  =  a  i^^Gdx-'2  j^'' dxT  Gdx  (10), 

J-iaJ-ib     (iy  J_^a  Jo  Jo  Jo 
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Analysis  of 

traction  in 

iiormnl 

8<Ttion  of 

twisttd 

rrctnngular 

prism. 


Composi- 
tion of 
action  in 
normni  sec- 
tion (if  a 
lonit  rfct- 
aiiKiilnr 
Inniiim 
uiui<T  tor- 
sion. 


=  2nT 


fi^  dy' 

where  G  =  n  I      -j^  </y  =  2ny'„=.i6 

J-ibdy 


(2<  +  l)irx/6  _  ^.{ii+l)wxlb 
{U+l)nalib  _^_    -(2i+l)ira/i6  ' 


(11). 


Thus  in  iV  we  liave  a  term 


a 


< 


.'0 


IT 


■2i+irv  ; 


(«+l)ira/26 


-(2i  +  l)»a/26 


}• 


or,  because  [;is  we  see,  by  integi'ating  (40)  with  reference  to  y, 
and  putting  i/=  hb], 


a       Gdx  =  i 
Jo 


nrab* r-  ab'l 


(12). 
The  transcendental  .series  constituting  the  second  terra  of  this, 


toirether  with 


makes  up  the  transcendental  series  which  appears  in  the  ex- 
pression (4G)  for  N.  This,  when  ajb  is  intinite,  vanishes  in 
comparison  with  the  first  term  of  (46),  as  we  have  seen  above 
§721  (8).  But  in  examining,  as  now,  the  composition  of  the 
expression,  it  is  to  be  remarked  that,  when  a/b  is  infinite,  y' 
vanishes  except  for  values  of  x  differing  infinitely  little  from 
±  ia,  and  therefore  we  see  at  once  that  in  this  case, 

n  1      dx  I      di/(x-'-  -y  /  ]  =  iia  I     dx  \      -r-di/  =  a  j     Gdx, 
J.ia      J-ib       \    dy     "  dxj  Jo         }_^idy    ''Jo 

l>y  which,  in  connexion  with  what  precede.s,  we  see  that 

722.  One  half  of  the  couple  on  each  of  the  edges,  by  which 
these  conditious  are  fulfilled,  consists  of  two  tangential  tractions 
distributed  over  areas  of  the  edge  infinitely  near  its  ends  acting 
perptudicuiarly  to  the  plate  towards  opposite  parts.  The  other 
half  consists  of  forces  parallel  to  the  length  of  the  edges,  uui- 
fornily  distributed  through  the  length,  and  varying  across  it  in 
simple  proportion  to  the  distance,  positive  or  negative,  from  its 
middle  line. 
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723.  If  now  we  remove  the  former  half,  and  apply  instead, 
over  the  edges  [BB^,  AA')  hitherto  free,  a  uniform  distribution 
of  couple  equal  and  similar  to  the  latter  half,  and  in  the  proper 
directions  to  keep  up  the  j- 

same  twist  through  the 
plate,  we  have  the  proper^! 
edge  tractions  to  fulfil 
Poisson's  three  boundary 
conditions  (§  645)  for  the 
case  in  question ;  that  is 
to  say,  we  have  such  a 
distribution  of  tractions 
on  the  four  edges  of  a  square  plate  as  produces  anticlastic 
stress  (§  638)  uniform  not  only  through  all  of  the  plate  at 
distances  from  the  edges  great  in  comparison  with  the  thick- 
ness, but  throughout  the  plate  up  to  the  very  edges.  The  state 
of  strain  and  stress  through  the  plate  is  represented  by  the 
following  formulae  [as  we  may  gather  from  §§  706  and  707  (8), 
(45),  (9),  (10),  (17),  and  §  722,  or,  as  we  see  directly,  by  the 
verification  which  the  operations  now  indicated  present]  : — 

a  =  —  ryz,    /S  =  rxz,    7  =  —  rxy 

E  =  f  =  g  =  (»,   a  =  o,   b=- 2t?/,   c  =  0 

p  =  Q=E  =  0,  S^O,  T=-2nri/,  U=0      I... (13;, 

ria      fib 

^L  =  X=-\  Tydxjdx  =  ^maW 

J  -  .Ja  .'  -  ib 


Uniform 
distribution 
of  couple 
applied  to 
its  edges  to 
render  the 
stress  uni- 
form from 
the  edses 
inwards 


Algebraic 
solution 
expressing 
displace- 
ment, 
strain,  and 
strtss, 
through  s 
plate  bent 
to  uniform 
anticlastic 
curvaturti. 


where  L  and  N  denote  the  moments  (with  signs  reckoned  as 
in  §  551)  of  the  whole  amounts  of  couple,  applied  to  the  two 
edges  perpendicular  to  OX  and  OZ  respectively,  in  the  planes 


of  these  edges. 


By  turning  the  axes  OX,  OZ  through  45°  in  their  own  plane, 
we  fall  back  on  the  formulae  of  flexure  as  in  §  719,  for  the 
particular  case  of  equal  flexures  in  the  two  opposite  directions. 


724.     If,  on  the  other  hand,  we  superimpose  on  the  state  of 
strain  investigated  in  §  721,  another  produced  by  applpng  on 
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Thin  rect- 
angular 
plate  sub- 
jected to 
the  edi;e- 
tractiou  of 
t  047. 


the  pair  of  edges  which  it  leaves  free,  precisely  the  same 
entire  distribution  of  couple  as  that  described  in  §  722,  but 
in  the  direction  opposite  to  the  twist  which  the  former  gave 
to  the  plate  (so  that  now  it  is  not  —  L,  but  L  that  is  equal 

to  N),  we  have  the  square 
plate  precisely  in  the  con- 
dition described  in  §  647, 
except  infinitely  near  its 
corners.  To  find  the  ex- 
pressions for  the  com- 
ponents of  displacement, 
strain,  and  stress,  in  this 
case,  we  must  add  to  the 
expressions  for  a,  /9,  7  in  (8)  of  §  706,  and  (45)  of  §  707,  values 
obtained  by  changing  the  sign  of  each  of  these  expressions, 
and  interchanging  x  for  z,  and  2  for  7.  The  consequent  values 
of  f,  f,  g,  a,  b,  C,  P,  Q,  R,  S,  T,  U,  are  of  course  obtained  in  the 
same  way,  but  need  not  be  written  down,  as  they  can  be  seen 
in  a  moment  from  7,  /3,  7.  Lastly,  the  strain  thus  superimpixsed 
would,  if  existing  alone,  leave  the  edges  parallel  to  x  free  from 
traction,  just  as  the  first  supposed  .>rtrain  [§  706  (8)]  leaves  the 
edges  parallel  to  z  free  ;  and  thus,  without  fresh  integration, 
we  see  that  N  has  still  the  value  (46),  and  is  the  result  of 
the  distribution  of  tractions  described  in  §  I'l'l.  The  parts  of 
the  component  displacements  represented  by  products  of  co- 
ordinates disappear,  and  only  transcendental  series,  as  follows 
remain  :  — 


.-t-(2(4-l)»r/6 


-(2i  +  l)irz/6 


V  =  +  —  /,*S    ^      ^'        


-^,2»•+l)«/i  -(2»+l>r«/6 


(H). 


725.     When   a/b   is    infinite,  €+(2'+')"'/26  i,ecomes   infinitely 
great,  and  e'  '2<^i)>ra,25  1^^^^^^.!,^,  g,,,.^]!       jf  ti,^.„  ^^e  put 

ha  —  z  =  z' ,  and  \a  —  x  =  x\ 
the  preceding  expressions  become 
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a  =  — 


(-1)^ 


b"^  tW^s  e-(2i+i)-^'/&  sin  (2i+l)-~ 
TT-         (2i  +  1)^  ^  '  b 

for  points  not  infinitely  near  the  edge  A'B' ; 


y 


r-^«'5.(-') 


TTIJ 


^-(?i  +  l)rrxlb  sin  (2i  +1)-^ 


Thin  rect- 
angular 
plate  sub- 
jected to 
the  edge- 
tractiou  of 
§647. 


K..(15). 


for  points  not  infinitely  near  the  edge  A  A' ; 

a  =  0,  y  =  0,  for  all  points  not  infinitely  near  an  edge ; 

and  (3=0  throughout. 

Lastly,  L  =  N  =  ^nrab^, 

of  each  of  which  one-half  is  constituted  by  tractions 
uniformly  distributed  along  the  corresponding  edge, 
and  proportional  to  distances  from  the  middle  line ; 
and  the  other  by  tractions  infinitely  near  the  corners 
and  perpendicular  to  the  plate. 


726.     It  is  clear  that  if  the  corners  were  rounded  off,  or  the  Transition 
plate  were  of  any  shape  without  corners,  that  is  to  say,  with  no  without 

1,1  T  r>  •  corners  sub- 

part of  its  edge  where  the  radius  of  curvature  is  not  very  great  jected  to 

5  .        *      .  .  .       edge-trac- 

in  comparison  with  the  thickness,  the  effect  cf  applying  a  dis-  tionof  §647. 
tribution  of  couple  all  round  its  edge  in  the  manner  defined  in 
§  647  would  be  expressed  by  either  of  these  last  formulse  for 
a  and  y.  Thus  the  whole  displacement  of  the  substance  will  be 
parallel  to  the  edge  for  all  points  infinitely  near  it;  wdll  vanish 
for  all  other  points  of  the  plate;  and  Avill  be  equal  to  the  pre- 
ceding expression  (15)  for  7  if  x  denote  simply  distance  from 
the  nearest  point  of  the  edge  of  the  plate,  and  y,  as  in  all  these 
formula?,  distance  from  the  middle  surface 


727.  We  may  conclude  that  if  a  uniform  plate,  bounded  by 
an  edge  everywhere  perpendicular  to  its  sides,  and  of  thickness 
a  small  fraction  of  the  smallest  radius  of  curvature  of  the  edge 
at  any  point,  be  subjected  to  the  action  described  in  §  64:7, 
with  the  more  particular  condition  that  the  distribution  of  tan- 
gential traction  is  [as  asserted  in  §  634  (3)  for  any  normal 
section  remote  from  the  boundary  of  a  bent  plate]  in  simple 
proportion  to  the  distance,  positive  or  negative,  from  the  middle 
line  of  the  edge ;  the  interior  strain  and  stress  will  be  as 
specified  by  the  following  statement  and  formula3 : — 
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Oritfin 
bhifUd  from 
middle 
plane  to  one 
side  of  plate. 


Displaco- 
ineiit  of 
substance 
produced 
by  edge- 
traction  of 
S047. 


Let  0  be  any  point  in  one  corner  of  the  edge:  and  let  OX  be 
perpendicular  to  the  edge  inwards,  and  OY  perpendicular  to  the 
plane  of  the  plate.  The  displacement  of  any  particle  P,  {x,  y),  at 
any  distance  from  0  not 
a  considerable  multiple 
of  tlie  thickness,  h,  will 
be  perpendicular  to  the 
plane  YOX,  and  (de- 
noted by  7)  will  be 
given  by  the  formula — 


O 


S 


nbKir)  \ 


.■^  ITU         1     -?!? 

h   cos  -^-f  ^36       6    cos 


Sttv       1     JJLl         h-rry 
-^T^  +  ^e     ^    cos  ^7^ -I- etc 


•)  (16), 


Case  of  §  fri7 
indfi)end- 
eiitl.v  in- 
vestigated. 


where  H  denotes  the  amount  of  the  couple  per  unit  length  of 
the  edge,  and  n  the  rigidity  (§  680)  of  the  substance.  But  the 
simplest  and  easiest  way  of  arriving  at  this  result  is  to  solve 
directly  by  Fourier's  analytical  method  the  following  problem, 
a  case  of  one  of  the  general  problems  of  §  696: — 

728.  A  nnifurm  plane  plate  of  thickness  6,  extending  to  in- 
finity on  one  side  of  a  straight  edge  (or  plane  perpendicular  to 
its  sides)  being  given, — 

It  is  required  to  find  the  displacement,  strain,  and  stress, 
produced  by  tangential  traction  parallel  to  the  edge  applied 
uniformly  along  the  edge,  according  to  a  given  arbitrary  func- 
tion, ^(//),  of  position  on  its  breadth. 

Taking  co-ordinates  us  in  §  727,  we  have  to  solve  equations 
(2)  of  §  697,  with  A' -  0,  Y  =  Q,  Z^(X,  for  all  points  of  space 
for  which  x  is  positive,  and  y  between  0  and  b,  subject  to  the 
boundary  conditions, 


Sec  §  fiei,  or  , 

also  (^-~-^«  ^  =  ^'  ^  =  ^>  ^  =  °'  ^=^'  U=0,\fheny  =  Oot 
P  =  0,  g  =  0,  K=0,  .S  =  0,  r  =  0,  T=<p{y),  when  x  = 
[  nnd  o  =  0,  )3  =  0,  >  =  0,  when  x  =  ao . 


§  602  (1) 

§  693  (5),  and 

§  670  (6). 


J] 


(17). 


From  these,  inasmuch  as  a,  )8,  y  must  each  be  independent  of 

z,  we  tind 
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(a)     -T-^  -f-  -j-^o  =  0,  throughout  the  solid ; 

(h)     y  =  0  when  a;  =  CO  ; 

,,       c/y     -     .  ^       .  !•  (18); 

(c)     7i  -p  =  0  when  2/  =  0  or  6 ; 

dy 
and  ((/)     n  -p-  =  (fi  (y)  when  a;  =  0  ; 

and  all  the  equations,  both  internal  and  superficial,  involving 
a  and  /3  are  satisfied  by  a  =  0,  yS  =  0,  and  therefore  (App.  C.) 
requii'e  a  =  0,  /3  =  0.  By  means  of  (a),  (b),  and  (c)  the  Fourier 
solution  is  seen  to  be  of  the  form 


Case  cf  §  647 
independ- 
ently in- 
vestigaf  ed. 


y  =  2,Aie.     b   COS  -7^ 
0 


.(19); 


and,  because  of  (d),  the  coefficients  Ai  are  to  be  found  so  as  to 
make 


-  y  2iA- cos -^ -</>(?/) 


.(20). 


They  are  therefore  [as  we  see  by  taking  in  §  77,  (13)  and  (1-i), 
<f>  such  that  <ji  (p  -  ^)  =  (f)  (^),  and  putting  p  =  '2b]  as  follows  : — 


^,:  =  -— • 


b      1     2  fb 


cos  —7^  di/ 


If  (for  the  pai-ticular  case  of  §  727)  we  take 

O 


.(21). 


<^(y)  =  12^-3(y-i6) (22), 


wefind        ^.  =  0,and^,,.  =  6^gy^^-3 (23), 

and  so  arrive  at  the  result  (16). 


729.     It  is  remarkable  how  very  rapidly  the  whole  disturb-  Rapid  de- 

crcssG  of 

ance  represented  by  this  result  diminishes  inwards   from   the  disturbance 
edge  where  the  disturbing  traction  is  applied  (compare  §  586) :  inwards': 
also  how  very  much  more  rapidly  the  second  term  diminishes 
than  the  first;  and  so  on. 

Thus  as 

€  =  2-71828,  ci'^  =  4-801,  €'•'»'=  10,  €'^  =  23-141,  €2>r^  535.5, 
VOL.  n.  18 
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inwards. 


we  have  for 
1 


*     3-UlG 
2-303  , 


,         ^,  n  /2\' /COB  Try  lb 

^•>=^;^W  V"27T8  - 


cos  Siry/b        cos  f>irylb 


n  /2y/coS7ry/6 

8or 


x=- 


TT 


a  =  6, 

a:  =  26, 


-  n  /L'y/cos 

^        w6W  \  23-U 

n  /2Y  /cosjryjb  _ 
"^"^^W  V'535-5 


,  n  /2\»  /cos  Try,  6 

cos  TT'/'b 


3».2-718* 

cos  Zirylb 
3\4-801»" 

cos  3iry/b 
cos  ?>irylb 
COS  3-y/6 


5».  2-718* 
COS  Diry/b 


-etc. 


5*.  4-801 

COS  57ry/6 
~5*7l0^ 

COS  57ry/6 
5*.23-14» 

cos  5Try/b 


-J- etc. 


-etc. 


-etc. 


5\  535-5 


J -etc 


Problems  to 
be  solvi'd. 


General 
problem  of 
infinite 
Holid: 


(olvcd  fnr 

iiotropic 

•ubHtaiice^ 


which  proves  most  strikingly  the  concluding  statement  of  §  647. 

730.  We  regret  that  limits  of  space  compel  us  to  leave 
uninvestigated  the  torsion- flexure  rigidities  of  a  prism  and  the 
flexural  rigidities  of  a  plate  of  aeolotropic  substance :  and  to 
still  confine  ourselves  to  isotropic  substance  when,  in  conclu- 
sion, we  proceed  to  find  the  complete  integrals  of  the  equations 
[§  697  (2)]  of  internal  equilibrium  for  an  infinite  solid  under 
the  influence  of  any  given  forces,  and  the  harmonic  solutions 
suitable  for  problems  regarding  spheres  and  spherical  shells, 
and  solid  and  hollow  circular  cylinders  (§  738)  under  plane 
strain.    The  problem  to  be  solved  for  the  infinite  solid  is  this: 

Let  in  (6)  of  §  698,  A",  Y,  Z  be  any  arbitrari/  functioi^s  what- 
ever of  {x,  y,  z),  either  discontinuous  and  vanishinr/  in  all  poiiit-s 
outside  sume  finite  closed  surface,  or  continuous  and  vanishing  at 
all  infinitely  distant  points  with  salient  convergency  to  make 
RD  converge  to  0  as  D  increases  to  oo ,  if  B  be  the  resultant  of 
X,  F,  Z  for  any  point  at  distance  D  from  origin.  It  is  required 
to  find  a,  y9,  y  satisfying  those  equations  [(6)  of  §  698],  subject 
to  the  condition  of  each  vanishing  for  infinitely  distant  points 
(that  is,  for  infinite  values  of  x,y,  or  z). 

(a)     Taking   -y-   of  the  first   of  these  equations,   -j-  of  the 


second,  and  -y-  of  the  third,  and  adding,  we  have 


^    ,,    dX     dY     dZ 


^  +  ^-0 


.(1). 
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(b)    This  shows  that  if  we  imagine  a  mass  distributed  through 

space,  with  density  p  given  by 

1  /dX     clY     dZ\ 

^-T7+Zfz) (2), 


AiTT  {m  +  n)\dx       dy  '    dz  , 

8  must  be  equal  to  its  potential  at  (a;,  3/,  z).  For  [§  491  (c)]  if 
F  be  this  potential  we  have 

v'F+47rp  =  0. 
Subtracting  this  from  (1)  divided  by  {rn  +  n),  we  have 

V^(S-F)  =  0 (3), 

for  all  values  of  (a;,  «/,  «).  Now  the  convergency  of  XD,  YD, 
ZD  to  zero  when  D  is  infinite,  clearly  makes  F=  0  for  all 
infinitely  distant  points.  Hence  if  aS'  be  any  closed  surface 
round  the  origin  of  co-ordinates,  everywhere  infinitely  distant 
from  it,  the  function  (8  -  F)  is  zero  for  all  points  of  it,  and 
satisfies  (3)  for  all  points  within  it.  Hence  [App.  A.  (e)]  we 
must  have  h=Y.  In  other  woi'ds,  the  fact  that  (1)  holds  for  all 
points  of  space  gives  determiuately 

(dX       dY'       dZ'\    ,,,,,,  General 

•1  -m      ,co      ,»  -rr  ■*■  —i—,  +  n     dx  dil  dz  equations 

1  r         r        r  \dx  di/        dz' J  -^  .      for  infinite 


8  = 


grated. 

where  X\  Y',  Z'  denote  the  values  of  X,  Y,  Z  for  any  point 

{<  y\ «'). 

(c)  Modifying  by  integration  by  parts,  and  attending  to  the 
prescribed  condition  of  convergences,  according  to  which,  when 
a;'  is  infinite, 


X'dy'dz 

-».-oos/[(-^-^r+(y-yr+(^-^'r] 

we  have 


8^,  -^   1-°°  r  r^^(--')-^^^^-^>^'^-Y^c/.w,w(6), 

47r(m  +  »i).L,^  j_^j_^       [(a;_a;y  +  (y_yy  +  (~_~y]l  "^  ^' 

which  for  most  purposes  is  more  convenient  than  (4). 

(d)  On  precisely  the  same  plan  as  (6)  we  now  integrate  each 
of  the  three  equations  (6)  of  §  698  separately  for  a,  ^,  y 
respectively,  and  find 

a  =  w+ir,    /3  =  «+F,     y  =  iy+TF (7) 

where  u,  v,  w,    U,  V,   W  denote  the  potentials  at  (x,  y,  z)  of 

18—2 
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General 
equations 
for  inflnitc 
isotropic 
8oUd  inte- 
grated. 


Forct' 
applied 
iitiifonnly 
to  spherical 
portion  of 
iiiniiite 
honiOKcne- 
ous  solid. 


distributions  of  matter  through  all   space  of  densities  respec- 
tively 

wi  d8       VI  dh       VI  dh      X        Y         Z 

^■trndx^    ^imdy^  Airndz^    iirn*    47m'    47m' 

in  other  words,  such  functions  that 

V*M 4- — -^  =  0,  etc.,  andv*f^+  — =  0,  etc., (8), 

n  dx  n 


each  through  all  space.     Thus  if  8",  X",    1'",  Z'  denote  the 
values  of  8,  X,  Y,  Z  for  a  point  (x",  y",  z"),  we  find,  for  a, 


(«i   7  „  +  X"\dx"du"dz" 
_    1     p    p    p       V     dx'  J  -^ 


■{% 


if  in  this  we  substitute  for  8"  its  value  by  (G)  we  have  a  ex- 
pressed by  the  suiu  of  a  sextuple  integral  and  a  triple  integral, 
the  latter  being  the  U  of  (7) ;  and  similarly  f..r  fi  and  y.  These 
expressions  may,  however,  be  greatly  simplitied,  since  we  shall 
see  presently  that  each  of  the  sextuple  integrals  may  be  reduced 
to  a  triple  integral. 

(e)  As  a  particular  case,  let  X,  Y,  Z  be  each  constant 
throughout  a  spherical  space  having  its  centre  at  the  origin  and 
radius  a,  and  zero  everywhere  else.  This  by  (6)  will  make  -  8 
the  sum  of  the  products  of  X,  T,  Z  respectively  into  the 
corresponding  component  attractions  of  a  uniform  distribution  of 
matter   of    density    l/47r  (m  -l-  7t)    through    this   space.      Hence 

[§  491  m 


s 

and 
8  = 


-1 


a 


3  (m  +  n)  T 

-1 

3  (7/i  +  n) 


{Xx  +  Yy+  Zz)  for  points  outside  the  spherical  space, 
(A'a;  +  Yy  +  Z-.)  for  points  within  the  spherical  si»ace. 


'  (10). 


Dilatation 
l>ro<luced 
'ly  it. 


Now  we  may  divide  u  of  (8)  into  two  parts,  u'  and  u",  depend- 
ing on  the  values  of  db/'dx  within  and  without  the  spherical 
space  respectively;  so  that  we  have, 


a. 


for  r 
for  r  >  a, 


mX 


•in  (wt  +  n) 


,  a  constant,    1 

J 


(11); 
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for  r  <.  a,  v'w"=  0, 

tor  r  >  a,  V'w  = j-  ,     which    is    a 

n  ax 

solid  spherical  harmonic  of  degree  -  3,  because  8 

is  given  by  the  first  of  equations  (10). 


Invest!  sa- 
tion  of  dis- 
placement. 


.(12). 


J 


The  solution  of  (11),  being  simply  the  potential  due  to  a  uniform 


sphere  of  density  - 


1 


mX 


u  = 


u  = 


Air  3n  (m  +  n) 
—  viX 


,  is  of  course 


ISn  (m  +  n) 


-^(3a--r-)  for  r<a,  ] 


—  mX 


> 


a 


.(13). 


for  r  >  a. 


dn  {m  +  n)  r 

Again,    if  in  (12)    of   App.    B.    we   put    m  =  2,    n  =  -3,    and 
r_3  =  dBjdx,  we  have 


dx 


:  —  6  -T-  for  r  >  a 
a.c 


•(li), 


since,  for  r>  a,  dS/dx  is  a  spherical  harmonic  of  order  —  3.  And 
r^d8/dx  is  [App.  B.  (13)]  a  solid  hai-monic  of  degree  2:  hence 
if  [d^i'dx]  denote,  for  any  point  within  the  spherical  space,  the 
same  algebraic  expression  as  dSJdx  by  (10)  for  the  external  space, 


a 


dx 


is  a  function  which,  for  all  the  interior  space,  satisfies 

the  equation  V'w  =  0,  and  is  equal  to  r"  dSjdx  for  points  infinitely 

r*  rdSl 
near  the  surface,  outside  and  inside  respectively.    Hence  -5-7-1 

for  interior  space,  and  r*  dS/dx  for  exterior  space,  constitute  the  Force 
potential  of  a  distribution  of  matter  of  density  ^dS/irdx  outside  uniformly 
the  spherical  space  and  zero  within,  and,  so  far  as  yet  tested,  portion"'f^^ 
any  layer  of   matter  whatever  distributed  over  the  separating  {"on'o^ne- 
spherical  surface.     To  find  the  surface  density  of  this  layer  we  ^"'^  ^^^ 
first,  for  an  exterior  point  infinitely  near  the  surface,  take 


and,  for  an  interior  point  infinitely  near  the  surface, 

(^ 


dx 


d 


d\fr' 


yTy^'T.Aa^ 


d^ 
dx 


,  which  may  be  denoted  by  -[^'i?] 
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Force 
applied 
uniformly 
to  spherical 
portion  of 
infinite 
bomofrene- 
ous  solid. 


add..  d 

Then,  remembering  that  x--j+y-7--^z-j-  is  the  same  as  r  -7-, 

according  to  the  notation  of  App.  A.  (a) ;  we  find  [by  App.  B.  (5)] 

Therefore,  as  r*  d^jdx  for  external  space  is  independent  of  r,  and 
as  r  differs  infinitely  little  from  a  for  each  of  the  two  points, 

But  {R)  and  [R]  being  the  radial  components  of  the  force  at 
points  infinitely  near  one  another  outside  and  inside,  corresj>ond- 
ing  to  the  supposed  distribution  of  potential,  it  follows  from  §  478 
that  to  produce  this  distribution  there  must  be  a  layer  of  matter 

on   the   separating   sui-face,    having  j-  {\R\  -  \^R])   for  surface 

density.     But,  inasmuch  as  {/?}-[/t']  is  a  surface  harmonic  of 

the  second  order,  the  potential  due  to  that  surface  distribution 

alone  is  [§  536  (4)] 

r' 
T  ({^}  ~  [^])  ~  through  the  inner  space, 

n* 

and  \  ({R}  -  [R])  -3  through  the  outer  space; 

or,  according  to  the  value  found  above  for  {R}  -  [/«*], 
-3    -J-     through  the  inner  space, 


3 

T 


and 


o*  -J-  through  the  outer  simce. 
dx 


Subtracting  now  this  distribution  of  potential  from  the  whole  dis- 
tribution formerly  supposed,  we  find 

I  -;    -7-     for  the  inner  space,  and  (r*  -  ^n*)  -z-  for  the  outer, 

as  the  distribution  of  potential  duo  simply  to  an  external  dis- 
tribution of  matter,  of  density  |c/8/7r(ic,  with  no  surface  layer. 
Hence,  and  by  (14),  we  see  that  the  solution  of  (12)  is 


„      1    2  "*  *■'  r^^1    c 


dd 


''"=^'^''-t»')^f- 


r  <  a, 


r  ■>  a. 


.(15). 


730.] 


STATICS, 


279 


And  [(8)  sliowing  that  U  is  the  potential  of  a  distribution  of 
matter  of  density  equal  to  X/47rw]  as  X  is  constant  through  the 
spherical  space  and  zero  everywhere  outside  it,  we  have 


U=^  (Za'-r")  for  r<a,^ 

XJ  =^ for  r>a. 

in  r 

This,  with  (13),  (15),  and  (10),  gives  by  (7) 
for  r  <  a, 


.(10). 


Displace- 
ment pro- 
duced by  it. 


a  = 


i J(2m+3vi)X(3a=-r=)-|mr= 


d  Xx+Yy+Zz\ 
di  P  I 


18n(m+n)  i 
and  for  r>  a, 

18«(m-i-n)i    ^  'r  ^        ^    '  dx  r  ) 

with  symmetrical  expressions  for  ^  and  y. 


(17), 


731.  A  detailed  examination  of  this  result,  with  graphic 
illustrations  of  the  displacements,  strains,  and  stresses  con- 
cerned, is  of  extreme  interest  in  the  theory  of  the  transmission 
of  force  through  solids ;  but  we  reluctantly  confine  ourselves 
to  the  solution  of  the  general  problem  of  §  730. 

To  deduce  which,  we  have  now  only  to  remark  that  if  a  becomes 
infinitely  small,  X,  F,  Z  remaining  finite,  the  expressions  for 
a,  /?,  y  become  infinitely  small,  even  within  the  space  of  applica- 
tion of  the  force,  and  at  distances  outside  it  great  in  comparison 
with  a,  they  become 


o  = 


— ^^{2  (2m  +  3?i)  -  -  mr^  -j- 

/8  =  etc.,     y=^etc. 


d  Xx  +  Yy  +  Zz\ 


Displace- 
ment pro- 
duced by  a 
force  ap- 
plied to  an 
infinitely 
small  part 
of  an  infi- 
nite elastic 
solid. 


..(18), 


where  V  denotes  the  volume  of  the  sphere.  As  these  depend 
simply  on  the  whole  amount  of  the  force  (its  components  being 
XV,  YV,  ZV),  and  when  it  is  given  are  independent  of  the 
radius  of  the  s])here,  the  same  formulae  express  the  effect  of  the 
same  whole  amount  of  force  distributed  through  an  infinitely 
small  si)ace  of  any  form  not  extending  in  any  direction  to  more 
than  an  infinitely  small  distance  from  the  origin  of  co-ordinates. 
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Hence,  recumng  to  the  notation  of  §  730  (b),  we  Lave  for  the 
required  geneml  solution 

24irn(m  +  n)-  "       {    ^  'D  dy 


a= 


7  = 


Displace- 
ment pro- 
duced by 
iiii.v  distri- 
bution of 
force 

thrnuph  an 
inrniitc 
elastic  solid. 


Appllcntion 
lo  problem 


to  pr 
oflfl 


iieneral 
problem  of 
S($06redurrd 
tociise  of  no 
bodily  force. 


2iTn(m  +  n)  ■^■'        "       (    ^  '  D  dz  !»•*  ) 

where  D  =  J{{x  -  x')'  +  (y  -  y')*  +  (z  -  z'n 

jjj  denotes  integration  through  all  space,  and  A'',  F',  Z'  are  three 
arbitrary  functions  of  x',  y,  z'  restricted  only  by  the  convergency 
condition  of  §  730. 

This  solution  was  first  given  by  Sir  William  Thomson,  though 
in  a  somewhat  dilierent  form,  in  the  Cambridge  and  Dublin 
Mathemalioal  Journal,  1848,  On  the  Equations  of  Equilibrium 
of  an  Elastic  Solid.  [See  Mathematical  and  Physical  Papers, 
Thomson,  Vol.  I.] 

Comparing  it  with  (9),  we  now  see  the  promised  reduction  of 
the  sextuple  integral  involved  in  that  e.^pres-sion  to  a  triple 
integral. 

The  process  (e)  by  which  it  is  effected  consists  virtually  of 
the  evaluation  of  a  certain  triple  integral  by  the  proper  solution  of 
tlie  partial  difffrential  equation  V«r+  ^np  =  0  [like  that  formerly 
worked  out  (§  619)  for  the  much  simpler  case  of  p  merely  a 
function  of  r].  Proof  of  the  result  by  direct  integration  is  a 
good  exercise  in  the  integral  calculus. 

732  In  ^§  730,  731  the  imagined  subject  has  been  a  homo- 
geneous elastic  solid  filling  all  space,  and  experiencing  the 
effect  of  a  given  distribution  of  force  acting  bodily  on  its 
substance.  The  solution,  besides  the  interesting  application 
indicated  in  §  731,  is  useful  for  simplifying  the  practical  pro- 
blem of  §  696,  by  reducing  it  immediately  to  the  case  in  which 
no  force  acts  on  the  interior  substance  of  the  body,  thus: — 

The  equations  to  be  satisfied  being  (6)  of  §  698,  throughout 
the  ])ortion  of  space  occupied  by  the  Vtody,  and  certain  equationa 
for  .all  points  of  its  boundary  expressing  that  the  surface  displace- 
ments or  tractions  fulfil  the  prescribed  conditions;  let 'a,  ^/?,  "y 
be  functions  of  (x,  y,  t),  which  satisfy  the  equations 


h(19)- 
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n\!^^a  +  m-j-  +  X=0,  7i^''/3+7n'—  +  Y=0,  ny*  y  +  m-j- +  ^-0, 

ctos  ^y  (mz 

where,  for  brevity,  f   (1), 

dx       dy       dz  ' 
throiigh  the  space  occupied  by  the  body.     Then,  if  we  put 

a  =  V  +  a,   ^  =  ^/3  +  A>   y- V  +  7-, (2), 

we  see  that  to  complete  the  solution  we  have  only  to  find  a^,  /3^, 
y^,  as  determined  by  the  equations 

d^i     r\  "o  d8  „  d8      ^  '] 

g  ^  da^  +  ^'  +  ^^^' 
'     (/.K      di/       dz  '  J 

to  be  fulfilled  throughout  the  space  occupied  by  the  body,  and 
certain  equations  for  ail  points  of  its  boundary,  found  by  sub- 
tracting from  the  prescribed  values  of  the  surface  displacement 
or  traction,  as  the  case  may  be,  components  of  displacement  or 
traction  calculated  from  'a,  '/?,  'y. 

Values  for  'a,  '/?,  'y  may  always  be  found  according  to  §§  730, 
731,  by  supposing  equations  (1)  §  732  to  hold  through  all  space, 
and  X,  Y,  Z  to  be  discontinuous  functions,  having  the  given 
values  for  all  points  of  the  body,  and  being  each  zero  for  all 
points  of  space  not  belonging  to  it.  But  all  that  is  necessary  is 
that  (1)  be  satisfied  through  tlie  space  actually  occupied  by  the 
body ;  and  in  some  of  the  most  important  practical  cases  this 
condition  may  be  more  easily  fulfilled  otherwise  than  by  deter- 
mining V,  'yS,  'y  in  that  way  with  its  superadded  condition  for 
the  rest  of  space. 

733.     Thus,   for  example,  let  us  suppose  the   forces  to  be  important 

'  -"^     '  ^^  class  of 

such  that  Xdx  -1-  Ydy  +Zdz^  is  the  differential  of  a  function,  W,  cases, 

1  Let  ?n  be  the  mass  of  any  small  part  of  the  body,  x,  y,  z  its  co-ordinates  at 
any  time,  and  Pm,  Qm,  Em  the  components  of  the  force  actmg  on  it.  If  the 
system  be  conservative,  Pdx+  Qdy  +  Rdz  must  be  the  differential  of  a  function  of 
a;,  y,  z.  Let,  for  instance,  the  forces  on  all  parts  of  the  body  be  due  to  attractions 
or  repulsions  from  fixed  matter ;  and  let  the  particle  considered  be  the  matter  of 
the  body  within  an  infinitely  small  volume  Sxdydz.  Then  we  have  Pm  =  X5zoy5z, 
etc. ;  and  therefore,  if  p  be  the  density  of  the  matter  of  m,  so  that  pS.TStjdz  =  m, 
we  have,  in  the  notation  of   the  text,  Pp-X,  Qp=Y,  Ep=Z\    and  therefore 


282  ABSTRACT   DYNAMICS.  [733. 

Important    of  X,  y,  z  Considered  as  independent  variables.     This  assump- 
co,-c9.  tion   includes  some    of   the    most   important   and  interesting 

practical  applications,  among  which  are — 

(1)  A  homogeneous  isotropic  body  acted  on  by  gravitation 
sensibly  uniform  and  in  parallel  lines,  as  in  the  case  of  a  body 
of  moderate  dimensions  under  the  influonce  of  terrestrial 
gravity. 

(2)  A  homogeneous  isotrojiic  body  acted  on  by  any  distribu- 
tion of  gravitating  matter,  and  either  equilibrated  at  rest  by 
the  aid  of  surface-tractions  if  the  attracting  forces  do  not  of 
themselves  balance  on  it;  or  fulfilling  the  conditions  of  in- 
ternal equilibrium  by  the  balancing,  according  to  D'Alembert's 
principle  (§  264)  of  the  reactions  against  acceleration  of  all 
parts  of  its  mass  and  the  forces  of  attraction  to  which  it  is 
subjected,  when  the  circumstances  are  such  that  no  accele- 
ration of  rotation  has  to  be  taken  into  account.  To  this  case 
belongs  the  problem,  solved  below,  of  finding  the  tidal  deforma- 
tion of  the  solid  Earth,  supposed  of  uniform  specific  gravity  and 
rigidity  throughout,  produced  by  the  tide-generating  influence 
of  the  Moon  and  Sun. 

(3)  A  uniform  body  strained  by  centrifugal  force  due  to 
uniform  rotation  round  a  fixed  axis. 

But  it  does  not  include  a  solid  with  any  arbitrary  non- 
uniform distribution  of  specific  gravity  subjected  to  any  of 
those  influences;  nor  generally  a  piece  of  magnetized  steel 
subjected  to  magnetic  attraction  ;  nor  even  a  uniform  body 
fulfilling  the  conditions  of  internal  equilibrium  under  the  in- 
fluence of  reactions  against  acceleration  round  a  fixed  axis 
produced  by  forces  applied  to  its  surface. 

A'<ic+  Ydy  +  Zdz  is  or  is  not  a  complete  differential  according  as  p  is  or  is  not  a 
function  of  the  potential;  that  is  to  sny,  according  as  the  density  of  the  body  is 
or  is  not  nnifomi  over  the  cquipotential  surfaces  for  the  distribution  of  force  to 
which  (P,  Q,  Ji)  belongs.  Thus  tlie  condition  of  the  text,  if  the  8y.st€m  of  force 
is  conservative,  is  satisfied  when  the  boily  is  homogeneous.  But  it  is  satisfied 
whether  the  system  be  conservative  or  not  if  the  density  is  so  distributed,  that, 
were  the  body  to  lose  its  rigiditj-,  and  become  an  incompressible  liquid  held  in  a 
closed  rigid  vessel,  it  would  (§  Too)  be  in  equilibrium. 
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We  have,  according  to  the  present  assumption, 
dx         ^    dy        '    dz 


•(4), 


reduced  to 
case  of  no 
bodily  force. 


which  sive 


dX     dY     dZ       _ 


dx       dy      dz 
Hence,  for  '8  as  in  §  730  (a)  for  S, 

which  is  satisfied  by  the  assumption 

TT 


^8  =  -- 


m,-^  n 


.(5). 


Next,  introducing  the.«e  assumptions  in  (1)  of  §  732,  we  see  that 
these  equations  are  finally  satisfied  by  values  for  ^a,  '/8,  ^y, 
assumed  as  follows  : — 


1 


a  = 


1     d^ 


1     \lh 


m  -h  n  dx^  m  -^  n  dy^      ^     m  ->-  n  dz 


.(6). 


where  b  is  any  function  satisfying  y''-^'  =  —  TT. 

Further,  we  may  remark  that  if  TT  be  a  spherical  harmonic 
[App.  B.  (a)],  a  supposition  including,  as  we  shall  see  later, 
the  most  important  applications  to  natural  problems,  we  have  at 
once,  from  App.  B.  (12),  an  integral  of  the  equation  for  $f,  as 
follows  : — 


•(7); 


^-"7pi  +  3')^' 

where  the  suffix  is  applied  to  W  to  denote  that  its  degi'ee  is  i. 

734.     The  general  problem  of  §  606  being  now  reduced  to  problem  of 
the    case  in  which  no  force  acts  on  the  interior  substance,  it  no  foi^e 
becomes  this,  in  mathematical  language  : — To  find  a,  /S,  y,  three  surface?^^"^ 
functions  of  {x,  y,  z)  which  satisfy  the  equations 

/cZ'g       ^       (fa  \        ^   ^(^      ^      fV\  _  A 
\dx^      dy-      dz-  )  dx  \dx      dy      dz  J 

(d'jB     d'^     d'^\  d  fd-x      d^     dy\      ^ 

''W-'7^'-dT-)-'^Ty{d^^ry'-dz)='> (1) 

/d^y      d-y      d'y\  d  fd'x      d/3     dy\      ^ 
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5  «96  wuh'  ^°^  ^^^  points  of  space  occupied  by  the  body,  and  the  proper 
"I'co'^over  equations  for  all  points  of  the  boundary  to  express  one  or  other 
surface:  ,,j.  j^,^y  sufficient  Combination  of  the  two  surface  conditions 
indicated  in  §  600.  When  these  conditions  are  that  the 
surface  displacements  are  given,  the  ecjuations  expressing  them 
are  of  course  merely  the  assignment  of  arbitrary  values  to 
a,  ^,  7  for  every  point  of  the  bounding  surface.  On  the  other 
hand,  when  force  is  arbitrarily  applied  in  a  fully  specified 
manner  over  the  whole  surface,  subject  only  to  the  conditions 
of  equilibrium  of  forces  on  the  body  supposed  rigid  (§  5G4),  in 
its  actual  strained  state,  and  the  problem  is  to  find  how  the 
body  yields  both  at  its  surface  and  tlirough  its  interior,  the 
conditions  are  as  follows  : — Let  dO.  denote  an  infinitesimal 
element  of  the  surface  ;  and  F,  G,  H  functions  of  position  on 
the  surface,  expressing  the  components  of  the  applied  traction. 
These  functions  are  quite  arbitrary,  subject  only  to  the  follow- 
ing conditions,  being  the  equations  [§  551  (a),  (6)]  of  equili- 
brium of  a  rigid  body  : — 


equations  of  JjFdn  =  0,       JlY/f/O^O,       ljlfdn=0  ) 

tractions 


TSi'Z  filIIy-Gz)dn=0,  JJ{Fz-Hx)dn  =  i\JjXGx-F>/)dn-. 

surfnce- 

ure'^sibjlct.  and  the  strain  experienced  by  the  body  must  be  such  as  to 
Eqimtonsof  ^^tisfy  for  cvcry  point  of  the  surface  the  following  equations; — 


surfnce- 


wh<'ii  trac- 
tions are 


Kiven. 


which  we  find  by  (1)  of  §  GG2,  with  ^6)  of  §  C70,  with  (5)  of  §  G93, 
and  (5)  of  §G08;  f,  g,  h  being  now^  taken  to  denote  the  direc- 
tion-cosines of  the  normal  to  the  bounding  surface  at  {x,  y,  z). 

Problem  of       735.     The  solution  of  this  problem  for  the  .spherical  shell 

forsj)iicric«i  (§  GOG),  found   by  aid  of  Laplace's  spherical  harmonic  analysis, 

was    first  given  by  Lame   in  a    paper  published  in  Liouvilles 

Journal  for  1854'.     It  becomes  much  simplified  *  by  the  plan 

^  "Dyuamicftl  rrobleni.'<  regardiug  Elastic  SpheroiJal  Shells,  and  Spheroids 
of  Incompressible  Liquid."    W.Thomson.     Phil.  Trans.,  1S&2. 
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we  follow  of  adhering  to   algebraic  notation  and  symraetrioal  Prohiem^o^ 
formulge  [App.  B.  (l)-(24)],  until  convenient  practical  expan-  Lrsphericai 
sions  of  the  harmonic  functions,  whether  in  algebraic  or  trigono- 
metrical forms,  are  sought  [App.  B.  (25)-(41),  (56)-(66)]. 

(a)  Using  for  brevity  the  same  notation  8  and  v*  as  hitherto 
[§  698  (8)  (9)],  we  find,  from  (1)  of  §  734,  by  the  process  (a)  of 
§  730,  v'8  =  0. 

(b)  Now  let  the  actual  values  of  8  over  any  two  concentric  Dilatation 

Proved  Gx- 

spherical  surfaces  of  radii   a  and  a'  be  expanded,  by  (52)  of  pressible  in 

convcrEGiiti 

App.  B.,  in  series  of  surface  harmonics,  S^,  S^,  S2,   etc.,  and  series  of 

0/       cw       c        J.  4.1     J-       1  spherical 

S\,  S\  ,  /b  g,  etc.  ;   so  that  when  harmonics. 

r  =  a,    S  =  »S'u  +  *S'i  +  *S'^,  +  . .  .*S',-  +  . . .       J  ... 

and  r  =  a',    S  =  S'^  +  S\  +  8'^+  ...8'^+  ...  ) 

,  Then,  throughout  the  intermediate  space,  we  must  have 

o  =  A -27+ 1 — z,'2i+i  ~  .■.\^;. 

0  U  —  III 

For  (i)  tliis  series  converges  for  all  values  of  r  intermediate 
between  a  and  a,  as  we  see  by  supposing  a'  to  be  the  less  of  the 
two,  and  writing  it  thus  : — 

8  =  l8i+28  ,_, (6) 

0        0 

where  8^,  8_,_,  are  solid  harmonics  of  degrees  i  and  -i-l  given 
by  the  followdng  : — • 

For  very  great  values  of  i  these  become  sensibly 

^  =  S^(a)'   and  8_,_,  =  ^',0", 

and  thex-efore,  as  each  of  the  series  (4)  is  necessarily  convergent, 
the  two  series  into  which  in  (6)  the  expansion  (5)  is  divided, 
ultimately  converge  more  rapidly  than  the  geometrical  series 

©'.(r-r -(r'(vr'(^)'*"-' 

respectively. 
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uuiiuiion  Again  (ii)  the  expression  (5)  agrees  with  (4)  at  the  boundary 

i)rf8^bie  I'n  of  the  space  referred  to  (the  two  concentric  spherical  surfaces). 

converfr<nt 

^herioii  -^^^  (i")  ^^  satisfies  V'8  =  0  throughout  the  space. 

Imruioiiics. 

Hence  (iv)  no  function  differing  in  value  from  that  given  by 
(5),  for  any  j)oint  of  the  space  between  the  sjtberical  surfaces,  can 
[A  pp.  A.  (e)]  Siitisfy  the  conditions  (iii)  and  (iv)  to  which  8  is 
subject. 

In  words,  this  conclusion  is  that 


General  736.     Any  functioii,  B,  of  X,  y,  z,  which  satisfies  the  equation 

KanlinKex.   ^'6  =  Q  foF  any  point  of    the  space  between  two    concentric 

In  solid '  ^   .spherical  surfaces,  may  be  expanded  into  the  sum  of  two  series 

of  complete  spherical  harmonics  [App.  B.  (c)]  of  positive  and 

of  negative  degrees  respectively,  which  converge  for  all  points 

of  that  space. 

(c)    We  may  now  write  (6),  for  brevity,  thus — 

«=lS. ('). 

where  Z.,  a  complete  harmonic  of  any  |)ositive  or  negative  degi'ee, 
i,  is  to  be  determined  ultimately  to  fultil  the  actual  conditions  of 
the  problem.  But  tirst  supposing  it  known,  we  find  a,  yS,  y  as  in 
§  730  ((/),  except  that  now  we  take  advantage  of  the  formulae 
Displace-  appropriate  for  spherical  harmonics    instead   of   proceeding    by 

miiud  01^'  triple  integration.     Thus,  by  (1)  and  (7),  we  have 

U-niponiry 

miiMHiMtion  ••>        flk 

thai  diluta-  r-'a  =  -  —  2  —  • 

tioii  IS  ^  n       dx  ' 

known. 

anil  therefore,  aa  -p'  is  a  harmonic  of  degree  i  —  1,  l)v  takintj,  in 

App.    B.   (12),   ?»  =  »-!  and  m-1,  we  see  that  the  complete 
solution  of  this  equation,  regarded  as  an  equation  for  a,  is 


mr 


a=u  — 


2t+  1  dx' 


where  u  denotes  any  solution  whatever  of  the  equation  \*u=  0. 
Similarly,  if  v  and  to  denote  any  functions  such  that  v*t;=  0  and 
^"w  -  0,  we  have 


mr' 


„  ....    _       1       db,         ,  mr'  1       (/8, 

'^  2»      2i  +  1  rfy  '  2n      2i  +  1  dz 
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Jx 


(d)    'Now,  in  order  that  (1)  may  be  satis6ed,  8^  must  be  so  complete 

1    i    1  X  ^i,    4.  harmonic 

related  to  w,  v,  xo  that  Bolution  of 

equations 
da       d/3       dy       .       ^.  of  interior 

|._i_  H l.  =  S=  28..  equilibrium. 

dx     dy      dz  ' 

Hence,  by  differentiating  the  expressions  just  found  for  a,  /3,  y, 
and  attending  to  the  formula 

=  2z>+rV«^,...(8), 

KJ>^  being  any  homogeneous  function  of  degree  i,  we  find 

.^      du      dv      dw      m  ^      i      „ 
'     dx      dy      dz       n      2i+  I 
This  gives 

du     dv      dw      ^(2i+l)n+im    ,  ,_. 

dx      dy      dz  (2i+  l)?i       ' 

If,  therefore,  "Xu-,  SWi,  '%J0^  be  the  harmonic  expansions  (§  736) 
of  u,  V,  w  "we  must  have 

g.=  o-^V^"-     C^^-:^^^-^.^-) (10). 

(2i+l)ri  +  im\  auj         «y  dz   J 

lining  this,  with  i  changed  into  i  -  1,  in  the  preceding  expressions 
for  a,  (i,  y,  we  have  finally,  as  the  spherical  harmonic  solution 
of  (1),  §  73-1, 


1  =  00 

2    <u. 


/„.- 


mr 


d  /du.     dv,     dwA)  ^ 


~  ,=  _ oc  (        "  (2i  -l)n  +  {i-\)  m  dx  \dx      dy      dz  Jj  I 
'■=*('  mr'  d  /du,     dVf     c/wA'l  | 

»^"  J         .  mr*  fZ  /o??*,.      dVi      ^^A) 

'*'  "  i=t  X  ("''  ~  -(2i-l)>*  +  (i-l)m  ^  V^  "^  (/y  ■*■   dz  Jj 

where  u^,  v^,  w^  denote  any  spherical  harmonics  of  degree  i. 

For  the  analytical  investigations  that  follow,  it  is  convenient 
to  introduce  the  following  abbreviations : — 


m 


and 


^'■~^(2i-l)n  +  (i-l) 


(/w,.     dVi     diOf 


m 


•(12), 
•(13), 
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Cuiupletc 
harmonic 
solution  of 
equations 
or  iiitfrior 
equilibrium. 


Solid  sphere 
with  surface 
di.spluce- 
raents  given 


Shell  with 
given  dis- 
plarcnirnts 
of  its  DUUT 
and  inner 
su I  faces. 


SO  that  (11)  becomes 


^  = 


2 

t—  -  00 


("• 


'"'   iy 


) 


-.!(—■''%) 


.(U). 


(e)  It  is  important  to  remark  tliat  the  addition  to  «,  r,  to  re- 
sjjectively  of  teims  d^ldx^  d^ldy,  d<f>/dz  (<^  being  any  function 
satisfying  V^<f>=0),  does  not  alter  the  equation  (10).  This 
allows  us  at  once  to  write  down  as  follows  the  solution  of  the 
problem  for  the  solid  sphere  with  surface  displacement  given. 

Let  a  be  the  radius  of  the  sphere,  and  let  the  arbiti-arily  given 
values  of  the  three  components  of  displacement  for  every  point 
of  the  surface  be  expressed  [App.  B.  (52)]  by  series  of  surface 
harmonics,  2J<,  S.^^,  2^,,  respectively.     The  solution  is 


t=  00 

2  \A 

f=0    V 


/ 


VI  (a'  —  r^) 


2a'[{2i-\)n+{{-\)m]    dx  J 

m  (rt*  -  r'-)  rf®«_, 

2a*[(2i-l)u  +  (i-l)m]    dy 

m  {a-  -  ?•') <^0«_,"l 

2a'  [{2i  -\)7i  +  {i-l)  m]  ~dz~j 


} 


where 


Q     J{A,r')  ^  d{B,T^  ^  d{C/) 
'"'         dx  dij  dz 


(15). 


For  this  is  what  (11)  becomes  if  we  take 

A     /^\*  »»*  t'®**! 

u.-  AA  -  )  +  „— TrTH-s — o^ p — r\ — 1     I      >  ^1-  etc.,  etc. : 

'        '\aj       2a'[(27  +  3)n+ (i+ l)7n]    dx        *  '         ' 

and  it  niakt'.>< 

a  =  2/l„  /3  =  2/>'.,  7-26',,  whenr  =  rt (16). 

This  result  might  have  been  obtained,  of  course,  by  a  purely 
analytical  process;  and  we  shall  fall  on  it  again  as  a  j>articular 
case  of  the  following: — 

{/)  The  problem  for  a  .shell  with  displacements  given  arbitrarily 
for  all  points  of  each  of  its  concentric  spherical  bounding  sur- 
faces la  much  njore  complicated,  and  we  shall  find  a  purely 
analytical  process  the  most  convenient  for  getting  to  its  solution. 
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Let  a  and  a'  be  the  radii  of  the  oiiter  and  inner  spherical  surfaces,  Shell  with 

piven  dis- 

and  let  2.4,.,  etc.,  2^'^,  etc.,  be  the  series  of  surface  harmonics  placements 
expressing  [App.  B.  (52)]  the  arbitrarily  given  components  of  and  inner 
displacement  over  them;  so  that  our  surface  conditions  are 

a=^AA  a=2<0  ] 

^=25..  i  when  r  =  a;   and  ^  =  2^'.- I  when  r  =  «' l...(17). 
7=2CJ  7=2C"J  J 

Using  the  abbreviated  notation  (12)  and  (13),  selecting  from  (14) 
all  terms  of  a  which  become  surface  harmonics  of  order  i  for  a 
constant  value  of  r,  and  equating  to  the  proper  harmonic  terms 
of  (17),  we  have 

„/,.     c?ii';^i      ,r        c/i/^  A  f=^,.  when  r=a]       ,.,_. 

Remarking  that  r~'w,.,  ?'*"^'^t_,_^,  r~'d\l/i^Jdx,  and  r'*'di[/_^/dx  are 
each  of  them  independent  of  7',  we  have  immediately  from  (18) 
the  following  two  equations  towards  determining  these  four 
functions : — 

and  1(19). 

These,  and  the  symmetrical  equations  relative  to  y  and  z,  suffice, 
with  (13),  for  the  detei'mination  of  u^,  v,.,  ««,.  for  every  value, 
positive  and  negative,  of  i.  The  most  convenient  order  of  pro- 
cedure is  first  to  find  equations  for  the  determination  of  the  if/ 
functions  by  the  elimination  of  the  u,  v,  w,  thus: — From  (19) 
we  have 

(a -■■+3  -  a'2'+3)  ilf,+2^^+'  +  {.-,=  -  a'2)  3/_,+,7-2'+i  ^V^'  +  („.+! j .  _  a"+i.4',) r' 
**-<-!=  !>(20) 

and  symmetrical  equations  for  v  and  to.  Or  if,  for  brevity,  we 
put 
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Shell  with 
given  (lis- 
plactraents 
of  its  outer 
and  inner 
burfacea. 


and 


^'/'... 


»<♦.  #-« 


dx 


dx 


Vj=etc.,  v_(_,  =etc.,  «><  =  etc.,  to_,_,=etc. 


-«-i 


(23). 


Performing  the  proper  differentiations  and  summations  to  elimi- 
nate the  u,  V,  w  functions  between  these  (23)  and  (13),  and 
tiiking  advantage  of  the  properties  of  the  ip  functions,  that 


dx 
dy 


dy 


d\}/  ,        dd/  I        d\l/  i 
dx      -^   dy  dz  ^  " 


we  find 


1 


and 


>  (24). 


Changing  i  into  i  +  1  in  the  first  of  these,  and  into  t  —  1  in  the 
second,  we  have  two  equations  for  the  two  unknown  quantities 
^f/^  and  «/'_«_,;  which  give 


0,-^(2U3)(*-Kl)il.,Q-_,.,r"-^'    1 
"^'     l-(2t+3)(2t-l)(i+l).-ift_4»,,,  I 


'/'-i-i  = 


(2t-l)  .ia,,  .©.r-*-'  +  0'... , 


l-(2i-H3)(2i-l)(t  +  l)til_.ii.,, 
where,  for  brevity, 

0, 


(25). 


,_rf(a,,.r'-')      c/ (ag,,.r'-')      c^(<g...r'-')] 
'  .;,.         ^  dy  ^- 


dx 


dz 


and     0' 


rf(a'_<r-';  ^  (/(t^-.^r-')  ^  dHC'_,r-') 


dx 


dx 


dx 


.(26). 


The  functions  i/',  and  «/'_,_,  for  every  value  of  t  being  thus  given, 
(23)  and  (14)  complete  the  solution  of  the  problem. 
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la)     The  composition  of  this  solution  ought  to  be  carefully  Shell  with 

civcTi  dis* 

studied.  Thus  separating  for  simplicity  the  part  due  to  the  placements 
terms  A^,  etc.,  A\,  etc.,  of  the  single  order  i,  in  the  surface  data,  and  inner 
we  see  that  were  there  no  such  terms  of  other  orders,  all  the  i/' 
functions  would  vanish  except  )//'._j,  t/'i^.j,  v/'.j,  >A-<-a-  These 
would  give  Wi_2,  Wj,  m^^j,  w_.+,,  «*_<_!,  and  w_<_3 ;  with  symmetri- 
cal expressions  for  the  v  and  w  functions;  of  which  the  composi- 
tif)n  will  be  best  studied  by  first  writing  them  out  in  full,  explicitly 
in  terms  of  %„  13„  ©j,  5l'„  33',,  ©'<,  and  the  derived  solid  har- 
monics 0j_j  and  ©'_,_8. 


737.  When,  instead  of  surface  displacements,  the  force  surface 
applied  over  the  surface  is  given,  the  problem,  whether  for  the  given, 
solid  sphere  or  the  shell,  is  longer  because  of  the  preliminary 
process  Qi)  required  to  express  the  components  of  traction  on 
any  spherical  surface  concentric  with  the  given  sphere  or  shell, 
in  proper  harmonic  forms  ;  and  its  solution  is  more  complicated, 
because  of  the  new  solid  harmonic  function  ^.^j  [(32)  below] 
which,  besides  the  function  ■^._^  employed  above,  we  are 
obliged  to  introduce  in  this  preliminary  process. 

{h)  Taking  F,  G,  H  to  denote  the  components  of  the  traction 
on  the  spherical  surface  of  any  radius  r,  having  its  centre  at  the 
origin  of  co-ordinates,  instead  of  merely  for  the  boundary  of  the 
body  as  supposed  formerly  in  §  734:  (3),  we  have  still  the  same 
formulae  :  but  in  them  we  have  now  to  put/=  xjr,  g  -  yjr,  h  =  z/r. 
By  grouping  their  terms  conveniently,  we  may,  with  the  notation 
(28),  put  them  into  the  following  abbreviated  forms : — 


•(27), 


CJomponent 
tractions  on 
any  splieri- 
cal  surface 
concentric 
with  origin. 


where 
and 


^=  ax- 4  ^y  +  yZ 


d 


d 


d 


(28), 


r-r  =  x^r  +  V  ^-  +  2;-, 
dr        d^     "  dy       dz 


80  that  ^/r  is  the  radial  component  of  the  displacement  at  any 

19—2 
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Component 
tractionM  on 
uiiy  spheri- 
cal surface 
concentric 
witli  origin. 


point,  and  didr  pre6xed  to  any  function  of  x,  y,  z  denotes  the 
i-ate  of  its  variation  per  unit  of  length  in  the  radial  direction. 

It  is  interesting  to  remark  that  if  we  denote  by  R  the  radial 
component  of  the  traction,  we  lind,  from  (27)  and  (28), 

7?  =  ^/V^6'4-  =  ^  =  (m-n)8  +  ^('/^-^) (28> 

r        r         r  ^  '  r  \dr     rj  ' 

(A")  To  reduce  these  expressions  to  surface  hariuonics,  let  us 
consider  homogeneous  terms  of  degree  i  of  the  complete  solution 
(14),  which  we  shall  denote*  by  a,,  )8,,  y^,  and  let  8,_,,  ^^^^ 
denote  the  corresponding  terms  of  the  other  functions.  Thus 
we  have 

Fr=^  |(m  -  n)  8,_,x  +  n  (i  -  1)  a,  +  n  ^  j 


Gr=%  |(//i  -  n)  8,_,y  +  n  (i  -l)fi,  +  n  ^|   ■ 
//r=  2  |(m  -  n)  8,_,s  +  n  {i  -  1)  y,  +  n  ^'| 


(29). 


(I)  The  second  of  the  three  terms  of  oidor  i  in  these  equa- 
tions, when  the  general  solution  of  §  (o^  is  used,  become  at  the 
boundary  each  exijlicitly  the  sum  of  two  surface  harmonics  of 
orders  i  and  i  —  2  respectively.  To  bring  the  other  parts  of  the 
expressions  to  similar  forms,  it  is  convenient  that  we  should 
fii-st  express  ^,^,  in  terms  of  the  general  solution  (14)  of  §  (c?), 
by  selecting  the  terms  of  algebraic  degree  t.     Thus  we  have 


at  =  Ut- 


mr 


d^t. 


(30), 


2[(2i-l)7i  +  (t-l)m]    dx 
and  symmetrical  expressions  for  /3<  and  y,,  from  M-hich  we  find 

(^1)  vir^^,_^ 


afc  +  /3ii/  +  yiZ  =  Ci+^=Ufl:  +  vj/  +  wfi  - 


2[(2t-l)n  +  (»-l)m]' 


Hencf,  by  the  proper  formula}  [see  (36)  beloNv]  for  reduction  to 
harmonics, 


1     |('Jt-l)[(i-l)m-2»] 


r 1      f(2t-l)[(i-l), 

^'*>  ~      2t+l(2[(2i-l)n  +  (t 


[(2i-l)n  +  (t-l)m] 


'•Vi-.  +  <^...}  .(31), 


•  The  suffixes  now  introduced  have  reference  solely  to  the  algebraic  degree, 
positive  or  negative,  of  the  functions,  whether  harmonic  or  not,  of  the  sjTnbols 
to  which  they  are  applied. 
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where  'Jomponent 

,,/       -u~i\         II      -n-w         7/       -H~\\\  tractions  on 

<p<^.,=»^        \ , +  -J 1 ^ {■■•\'J^)t        cal  surface 

(,         aa;  dy  az         )  concentric 

with  origin 

and  (as  before  assumed  in  §  12) 

dui     dt\     dWf  „. 

'^^-^^d^-'d^^l^ ^^^^- 

Also,  by  (10)  of  §  736,  or  directly  from  (30)  by  differentiation, 

we  have 

„  n(2i-l) 

^'-'  =  (2i-l)n  +  (i-l)m'^'- ^^^^- 

Substituting  these  expressions  for  Si_j,  a,-,  and  ^^^^  in  (29),  we 
find 

n[2i{i-\)ra-{2i-l)n]         d^,_,         n      d<i>,,,\  .        J™nj- 

(2i  +  l)[(2i-l)?i  +  (t-l)m]        dx        2i+l    dx  j'"^     ''      pressed. 

This  is  reduced  to  the  required  harmonic  form  by  the  obviously 
proper  formula 


Thus,  and  dealing  similarly  with  the  expressions  for  Gr  and  //r, 
we  have,  finally, 


) 1_<^ 

2i+l    dx 


FT=n^  [{i  -  l)u,-  2  [i  -  2)Mir^^^  -  Etr^'+^^^^^f" 
(  dx  dx 

where  fas  above  (12)1,     Afi  =  3f-T^. — ^-r ,.    .,, — 

-(2.-l).-.(*-l)m  3 

A  f    ,^  TP  {i+2)m-(2i-l)7i  I      ^     ^ 

and  now,  further,     i^^  =  -  .    \  ^  ^/-. — -^^ ,/   ,,     -,  1 

'  {2i  +  I)  [{2i  -  I)  ?i  +  {i  -  I)  m]  J 

(m)     To  express  the  surface  conditions  by  harmonic  equations  Prescribed 
^  .  .  *  surfacs  con- 

for  the  shell  bounded  by  the  concentric  spherical  surfaces,  r  =  a,  ditions  put 

r  =  a,  let  us  suppose  the  superficial  values  of  F,  G,  H  to  be  monies. 


given  as  follows  : — 

when  r  =  a,  F^:$A„  G  =  2B„  U='^C^ 


and  when  r  -  «',  F-'S, 


A„G  =  1£„H=:^C,   1 


.(39), 
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PrcHcrihed  where   At,    B,,    Ci,    A\,   B\,   C'l   denote   surface   liarmonics  of 

^urface  con- 
ditions put  order  ?. 
into  har- 

^omc^  To  apply  to  this  harmonic  development  the  conditions  §  734 

(2)  to  which  the  surface  traction  is  subject,  let  aVor  and  a'*diB 

be  elements  of  the  outer  and  inner  spherical  surfaces  subtending 

at  the  centre  (§  468)  a  common  infinitesimal  solid  angle  dss: 

and  let  i \dw  denote  integration  over  the  whole  spherical  surface 

of  unit  radius.     Equations  (2)  become 
are  subject.  '■  ^   ' 

Sfd-s:-Z.{a-^At-a'^A'^  =  0,  etc.;  and  XAta[j/2(a-C(-a'2C'«) -z2(a»j9,-o''B',)]=0,  etc.  (40). 

Now  App.  B.  (IG)  shows  that,  of  the  first  three  of  these,  all 
terms  except  the  first  (those  in  which  t  =  0)  vanishes;  and  that 
of  the  second  three  all  the  terms  except  the  second  (thos.*  for 
which  1  =  1)  vanish  because  x,  y,  z  ax-e  harmonics  of  order  1. 
Thus  the  first  three  become 

which,  as  A^,  A\,  etc.,  are  constants,  require  simply  that 

aM„  =  a'M'„,  a'B,  =  a"B\,  aV,  =  a'C", (41). 

The  second  tliree  are  equivalent  to 

r(a=J,-a'^J\)  =  ^,  r{a^B,-a'^B\)='^  ,  ria'-C.-a-^C,)—*   (42), 

where  //,  is  a  homogeneous  function  of  x,  y,  s  of  the  second 
degree.  For  [App.  B.  (a)]  rJ,,  rA\,  etc.,  are  linear  functions 
of  X,  y,  z.  If  therefore  {A,  x),  (J,  y)...{B,  a:)... denote  nine 
constants,  we  have 

r{a'A,-a''A';)  =  (A,x)x  +  {A,y)y  +  {A,z)z, 
r {a'B,  - a'B'^)  =  {B,  x)x+ {B,  y)y  +  (B,  z)  s, 
r  {a'C,  - a*C\)  =  (C,  x) x-^(C,y)y+  {C,  z)  z. 

Using  these  in  the  second  three  of  (40)  of  which,  as  remarked 
above,  all  terms  except  those  for  which  t  =  1  disappear,  and  re- 
marking that  yz,  zx,  xy  are  harmonics,  and  therefore  (App. 
P..  (16)]         jjyzdn:  =  0,  jjzxdm  =  0,  JjxydziT  =  0, 

we  have       (C,  y)  fjy'dxu  -  {B,  z)  ffz*dm  =  0  :  etc. 
From  theso,  because     Jjx^dis  =  Jfy^dw  =  jjz^dsj, 
k  follows  that 

(C,  y)  =  (5,  s),  {A,  z)  -  (C,  x),  {B,  x)  =  {A,  y), 
which  prove  (42). 
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(n)  The  terras  of  algebraic  degree  i,  exhibited  in  the  pre- 
ceding expressions  (37)  for  Fr,  Gr,  Hr,  become,  at  either  of  the 
concentric  spherical  surfaces,  sums  of  surface  harmonics  of 
orders  i  and  i  -  2  when  i  is  positive,  and  of  orders  —  t  —  1  and 
—  i  -  3  when  i  is  negative.  Hence,  selecting  all  the  terms  Surface 
which  lead  to  surface  harmonics  of  order  i,  and  equating  to  the  expressed  ii 
proper  terms  of  the  data  (39),  we  have  eqxiations. 

[i  -  l)Ui -  (i  +  2)  u_^^  -  2iM^_  r'  ^  +  2(1  +  l)M_i^.^r"-  -^^' 

dx  '  ^  dx  2i  +  l\  dx  dx  J)  ^     ' 

(Ai  when  r  =  a 
~  [A'i  when  r 

and  symmetrical  equations  relative  to  y  aid  z. 

(0)     These  equations  are  to  be  treated  precisely  on  the  same 
plan  as  formerly  were  (18).     Thus  after  finding  u,  and  w_,_, , 
we  perform  on  u^,  v^,  w^  the  operations  of  (33),  and  on  «_<_,, 
^_<_i)    *^_<       those   of   (32),    and    so    arrive    at   two   equations  Surface 
which  involve  as  unknown  quantities  only  i/',.,,  i/'.o  </>_<,  and  given:  gene- 
taking  the  corresponding  expressions  for  Ui_^,  m_<+i,  and  apply-  for  spherical 
ing  (32)  to  u._^,  i;._^,  to,_^,  and  (33)  to  w_,^j,  v_,^„  w_,^^,  we  '  ®  ' 
similarly  obtain  two  equations  between  <^<_,,  i/',..,,  and  i/'_,.  Thus 
we  have  in  all   four  simple  algebraic  equations  between  i/^^.,, 
^-ij  <^,_i>  <^_<)  hy  which  we  find  these  four  unknown  functions  ; 
and  the  u,  v,  w  functions  having  been  already  explicitly  ex- 
pressed in  terras  of  them,  we  thus  have,  in  terms  of  the  data  of 
the  problem,  every  unknown  function  that  appears  in  (14)  its 
solution. 

(p)     The  case  of  the  solid  sphei'e  is  of  course  fallen  on  from  for  solid 

.  sphere, 

the  more  general  problem  cf  the  shell,  by  putting  a  —  0.     But 

if  we  begin  with  only  contemplating  it,  we  need  not  introduce 

any  solid  harmonics  of  negative  degree  (since  every  harmonic  of 

negative  degree  becomes  infinite  at  the  centre,  and  therefore  is 

inadmissible  in  the  expression  of  effects  produced  throughout  a 

solid  sphere  by  action  at   its   surface)  ;    and  (43),  and  all   the 

formuhe  described  as  deducible  from  it,  become  much  shortened 

when  we  thus  confine  ourselves  to  this  case.     Thus,  instead  of 

(43),  we  now  have  simply 

r  Y     ^^"'     -'-'^'+2'^     dx       ^'         dx^^'-i'^         '      2i-fl    dx   J         'j   (44). 

when  r=a  ' 
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Hence,  attending  [as  formerly  in  {/)]  to  the  property  of  a 
homogeneous  function  Hj,  of  any  order  j,  that  r'^II^  is  indepen- 
dent of  r,  and  depends  only  on  the  ratios  a:/r,  y/r,  z/r ;  wo  have 
for  all  values  of  a;,  y,  z, 


(i-  l)„,-2,J/,^=''*^*  -£^.«|(^,.,r-..«)  -  ^,    ^^ 


'*'*'=  ^^.   <«)■ 


From  this  and  the  symmetrical  equations  for  v  and  ic,  we  have 
by  (33), 


1     ^diA/)     d(B,r')     d{Cy) 

^     dz 


and  by  (32) 
2t>,+,  +  2.-(t-H)(2t  +  l).V<+,aV.+i  =  ^-^;zi  {  '    ;^      '  +  ^^ 


■}  (^6) 


c/(^^r-'-')      (f(C,r-«-i) 
dz 


}'* 


7). 


Eliminating,  by  this,  «^j^,  from  (45),  and  introducing  the  abbre- 
viated notation,  <I>,^,  [(50)  below],  we  find 

(.- n..Mi-m^''-^> .E,r-^^(,,.,^.«, +-^,[.....^, •'*^.]  ,18), 

and  (43)  gives 

^      = *«-! [(i-l)m  +  {2i-l)u]%_, 

^'-'     [(t-l)-t-(2t  + !){£•,]««'->"  [(2i»^  l)m-(2i-l)7>.]na'-'  '"^     ^' 


where 


.Z(.l.rO  .  rf(^,rO  .  djC/) 


dx 


dy 


dz 


and  *,,  =  ^-  /ll^f-l"-')  .  1(«^)  *  -^'g"-'-')} 
'  (.       ax"  dy  dz        ) 


(50). 


With  these  expressions  for  ^p^  and  u,,  (14)  is  the  complete  solu- 
tion of  the  problem. 

{q)  The  composition  and  character  of  this  solution  are  made 
manifest  by  writing  out  in  full  the  terms  in  it  which  depend  on 
liarraonica  of  a  single  order,  t,  in  the  surface  data.  Thus  if 
the  components  of  the  surface  traction  are  simply  -■!,,  B^^  C^,  all 
the  ^  functions  except  *j_,  and  all  the  <^  functions  except 
4>,+i  vanish.  Hence  (48)  shows  that  all  the  u  functions  except 
u,_^  and  ttf  vanish  :  and  for  these  it  gives 


w<_j  =  ^ffl 


dx 


(51). 
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Using  this  in  (U)  and  fori^,  and  .!/<  substituting  their  values  by 
(38),  we  have,  explicitly  expressed  in  terms  of  the  data,  and  the 
solid  harmonics  ^i_i,  *,+i,  derived  from  the  data  according  to 
the  formuke  (50),  the  6nal  solution  of  the  problem  as  follows : — 
1     (,  m{a--r'^)  d-^^.^ 


na'-^  I  ^  (2i2+l)ni-(2i-l)n     dx 

1    r  {i+2}m-{2i-l)n   r^-+^d(^,-,r-^-+M  ,         1        d^,.,  H ) 

■^  {-1  L(2i-+l)m-(2i-l)?i         {2i+l)dx         '^  2i(2i+l)1x        '   J\    ^"'" 

with  symmetrical  expressions  for  /3  and  y. 

(r)     The  case  of  i—l  is  interesting,  inasmuch  as  it  seems  at  Case  of 
first  sight  to  make  the  second  part  of  the  expression  (52)  for  a  ous  strain, 
infinite  because  of  the  divisor  i  —  l.     But  the  terms  within  the 
brackets  [  ]  vanish  for  i  =  1,  owing  to  the  relations  (42)  proved 
above,  which,  for  the  solid  sphere,  become 

*'^'^>="777  '    **^'=777'    '*^i=;7r (■^^^'        Indetermi- 

"-^  "'if  "■*  naterota- 

H^  denoting  any  homogeneous  function  of  x,  y,  z  of  the  second  out  strain, 

degree.     Tlie  verification  of  this  presents  no  difficulty,  and  we  included  in 

leave  it  as  an  exercise  to  the  student.     The  true  interpretation  lution  for 

of  the  ^  appearing  thus  in  the  expressions  for  a,  /?,  y  is  clearly  mint,  when 

that  they  are  indeterminate :  and  that  they  ought  to  be  so,  we  see  merely  of 

by  I'emarking  that  an  infinitesimal  rotation  round  any  diameter  '^^'^ 

without  strain  may  be  superimposed  on  any  solution  without 

violating  the  conditions  of  the  problem ;  in  other  words  (§§  89,  95), 

may  be  added  to  the  expressions  for  a,  /?,  y  in  any  solution,  and 
tlio  result  will  still  be  a  solution. 

But  though  a,  /3,  y  are  indeterminate,  (50)  gives  i/f^  and  ^^ 
determinately.  The  student  will  find  it  a  good  and  simple 
exercise  to  verify  that  the  determination  of  i/^^  and  <^^  determines 
the  state  of  strain  [homogeneous  (§  155)  of  course  in  this  case] 
actually  produced  by  the  given  surface  traction. 

738.     A  solid  is  said  (§  730)   to  experience  a  plane  strain,  Plane  strain 

,  ■        -t  •      ,  !•  •  1  ■•  .        •.    .  defined. 

or  to  be  stramed  in  two  dimensions,  when  it  is  strained  in  any 
manner  subject  to  the  condition  that  the  displacements  are  all 
in  a  set  of  parallel  planes,  and  are  equal  and  parallel  for  all 
points  in  any  line  perpendicular  to  these  planes :  and  any  one 
of  these  planes  may  be  called  the  plane  of  the  strain.     Thus, 
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plane  of  the  strain  remain  cylindrical  surfaces  perpendicular 
to  the  same  plane,  and  nowhere  experience  stretching  along  the 
generating  lines. 

The  condition  of  plane  strain  expressed  analytically,  if  we  take 
XOY  for  the  plane,  is  that  y  must  vanish,  and  that  a  and  /?  must 
be  functions  of  x  and  y,  without  z.     Tims  we  see  that 

Only  two  independent  variables  enter  into  the  analytical  ex- 
pression of  plane  strain  ;  and  thus  this  case  presents  a  class  of 
problems  of  peculiar  simplicity.     For  instance,  if  an  infinitely 
long  solid  or  hollow  circular  cylinder  is  the  "given  solid"  of 
Probipm  for  §  696,  and  if  the  bodily  force  (if  any)  and  the  surface  action 
under  piano  consist  of  forces  and  tractions  everywhere  perpendicular  to  its 
strain,         ^^^-^^  ^^^  equal  and  parallel  at  all  points  of  any  line  parallel 
to  its  axis,  we  have,  whether  surface  displacement  or  surface 
traction    be    given,  problems  precisely  analogous   to   those   of 
§§  735,  73G,  but  much  simpler,   and  obviously   of  very  great 
practical  importance  in  the  engineering  of  long  straight  tubes 
under  strain. 

739.  It  is  interesting  to  remark,  that  in  these  cylindrical 
problems,  instead  of  surface  harmonics  of  successive  orders 
8o)vpdin  1.  2,  3,  etc.,  which  are  [App.  B.  (6)]  functions  of  spherical 
"p"ane'  surface  co-ordinates  (as,  for  instance,  latitude  and  longitude  on 
harmonics.  ^  globe),  we  havc  simple  harmonic  functions  (§§  54,  75j  of  the 
I'lHtio  same   degrees,  of  the  angle  between   two  planes   through  the 

fiinrtioiis  axis,  and  of  its  successive  multiples:  and  instead  of  solid 
harmonic  functions  [App.  B.  (a)  and  (6)],  we  have  what  we 
may  call  2)/(nic  haiinonic  functions,  being  the  algebraic  functions 
of  two  variables  {x,  y),  which  we  find  by  expanding  cos  iO  and 
sin  id  in  powers  of  sines  or  cosines  of  6,  taking 

cos^=  —7-5 5-  ,  and  sin  ^  =■ 


dellnod. 


v/(^'  +  y")'  VGr'  +  y')' 

and  multiplying  the  result  by  (.r'  +  y*)   . 

A  plane  harmonic  function  is  of  course  the  particular  case  of  a 
solid  harmonic  [App.  B.  (a)  and  (6)]  in  which  z  does  not  appear; 
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that  is  to  say,  it  is  any  liomogeneous  function,  V,  of  x  and  y, 
which  satisfies  the  equation 

—    +  _— -  =  0,  or,  as  we  may  write  it  for  brevity,  ^-V=  0. 
dx       dy 

And,  as  we  have  seen  [§  707  (23)],  the  most  general  expression 
for  a  plane  harmonic  of  degree  i  (positive  or  negative,  integral 
or  fractional)  is 

lA{{x  +  yvY  +  {x-  yvy\  -  hBv{{x  +  yv)'  -  {x  -  yv)']         \ 

where  v  stands  for  ^-1,   or  in  polar  co-ordinates}- (1). 

{A  cos  i6  +  B  sin  iO)  r^  ' 

The  equations  of  internal  equilibrium  [§  698  (6)]  with  no  bodily 
force  (that  is,  X=  0  and  Y=  0)  become,  for  the  case  of  plane  strain, 


Plane 
harmonic 
functions 
defined. 


/c/"a        d'a  \ 
\dx^       dy^ ) 


n 


i-a  \  d^/da      ^\       A 1 

V^^  "  dp)  "^"'c^x-  \dx  ^  dy)  I 

fd'B     d'B\         d  (da      d^\      . 
{d§^dyV'-^dy[d?.'-dy)  =  \ 


(2). 


The  plane  harmonic  solution  of  these,  found  by  precisely  the 
same  process  as  §§  735,  736  (a)...(e),  but  for  only  two  variables 
instead  of  three,  is 


a  =  2 


m 


w,- 


V,  - 


2{i-l){'2n  +  m)'     dx 

#<- 
dy 


-i  ^ 


Problem 
for  cylinders 
under  plane 
strain  solved 
in  terms  of 
plane  har- 
monics. 


m 


where 


2{i-l){2n+m) 
_dUf      dVi 


■] 


.(3), 


and  u^,  Vi  denote  any  two  plane  harmonics  of  degree  i,  so  that 
i/^,_j  is  a  plane  harmonic  of  degree  i-\.  Of  course  i  may  be 
positive  or  negative,  integral  or  fractional. 

This  solution  may  be  reduced  to  polar  co-ordinates  with  advan- 
tage for  many  applications,  by  putting 

x  =  r  cos  6,     y  =  r  sin  6,    \ 

and  taking  Ui=r* {A^cosi^ +A\sixxi6)\  (4); 

V,  =  r'(^i  cos  id  +B\  sin  iO) 


which  give 


2n+in 
2n 


8,_^  =  ^,_,  =  ir^-^{{A,  +  B\)cos{i-l)e  +  {A\-B,)sin{i-i)6}..{0), 
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and 

a-Zr'  'AtCOsie  +  A'ianiO-  — 


tm 


2(2)1 +  Tn) 
iin 


[{Ai+B't)cos(i-2)e  +  {A'i-Bi)Bm{i  -2)6] 


B  =  7:r'\B(Cosie  +  n\siniO-=rj:^^^^[-(A,+B\)Bin[i-2)0  +  (A\-Bt)<x>s{i-2)e]\\ 
I  2(£n+m)  )' 


(6). 


I'robleiD 
forcyliiiders 
undiT  plane 
strain  solved 
in  tenns  of 
plane  har- 
monics. 


Small 
bodii's 
stronfccr 
than  large 
ones  in 
proijortion 
to  tlif ir 
weights. 


2(2n+m)' 

The  student  will  6iid  it  a  good  exercise  to  work  out  in  full,  to 
explicit  expressions  for  the  displacement  of  any  point  of  the  solid, 
in  the  cylindrical  problems  corresponding  to  the  spherical  pro- 
blems of  §  735  (/),  and  of  §736  {h)...{r).  The  process  (/)  of 
the  latter  may  be  worked  through  in  the  symmetrical  algebraic 
form,  as  an  illustration  of  the  plan  we  have  followed  in  dealing 
with  spherical  harmonics ;  but  the  result  corresponding  to  (37) 
of  §  737  may  be  obtained  more  readily,  and  in  a  simpler  form, 
by  immediately  putting  (29)  of  §  737  into  polar  co-ordinates,  as 
(4),  (5),  (G)  of  §  739.  We  intend  to  use,  and  to  illusti-ate,  these 
solutions  under  "Properties  of  Matter." 

740  In  our  sections  on  hydrostatics,  the  problem  of  finding 
the  deformation  produced  in  a  splieroid  of  incompressible  liquid 
by  a  given  disturbing  force  will  be  solved ;  and  then  we  shall 
consider  the  application  of  the  preceding  result  [§  736  (51)] 
for  an  elastic  solid  sphere  to  the  theory  of  the  tides  and  the 
rigidity  of  the  earth.  This  proposed  application,  however, 
reminds  us  of  a  general  remark  of  great  practical  importance, 
with  which  we  shall  leave  elastic  solids  for  the  present. 
Considering  different  elastic  solids  of  similar  substance  and 
similar  shapes,  we  see  that  if  by  forces  applied  to  them  in  any 
way  they  are  similarly  strained,  the  surface  tractions  in  or 
across  similarly  situated  elements  of  surface,  whether  of  their 
boimdaries  or  of  surfaces  imaginetl  as  cutting  through  their 
substances,  nuist  be  equal,  reckoned  as  usual  per  unit  of  area. 
Hence;  the  force  across,  or  in,  any  such  surface,  being  resolved 
into  components  parallel  to  any  directions;  the  Avhole  amounts 
of  each  such  component  for  similar  surfaces  of  the  different 
bodies  are  in  proportion  to  the  squares  of  their  linear  dimen- 
sions. Hence,  if  equilibrated  similarly  under  the  action  of 
gravity,  or  of  their  kinetic  reactions  (§  2(54)  against  equal 
accelerations  (§  28),  the  greater  body  would  be  more  strained 
than  the  less:  as  the  amounts  of  gravity  or  of  kinetic  reaction 
of  similar   portions  of  them  are  as   the  cubes   of  their  linear 
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dimensions.      Definitively,   the   strains    at    similarly    situated  smaii 
points  of  the  bodies  will  be  in  simple  proportion  to  their  linear  stronf:.-r 
dimensions,  and  the  displacements  will   be  as  the  squares  of  ones  in 

1  T  .111  1  ■  ,••  L      c  proportion 

these  Imes,  provided  that  there  is  no  strain  in  any  part  or  any  to  their 

weights 

of  them  too  great  to  allow  the  principle  of  superposition  to  hold 
with  sufficient  exactness,  and   that  no  part  is  turned  through 
more   than   a  very  small  angle  relatively  to   any  other  part. 
To  illustrate  by  a  single  example,  let  us  consider  a  uniform  Example: 
long,  thin,  round  rod  held  horizontally  by  its  middle.     Let  its  rod  lieid 
substance  be  homogeneous,  of  density  p,  and  Young's  modulus,  by  its 

i    1        •        1  1       ,    1  .      "^  \         ,.  mi  /       middle. 

M;  and  let  its  length,  I,  be  _p  times  its  aiameter.     ihen  (as 

the  moment  of  inertia  of  a  circular  area  of  radius  r  round  a 

diameter  is  ^ttt*)  the  flexural  rigidity  of  the  rod  will  (§  715) 

be  ^M7r(l/2py,  which  is  equal  to  B/g  in  the  notation  of  §  610, 

as  5  is  there  reckoned  in  kinetic  or  absolute  measure  (§  223) 

instead  of  the  gravitation  measure  in  which  we  now,  according 

to  engineers'  usage  (§  220),  reckon  21.     Also  w  =  p7r(l/2p)',  and 

therefore,  for  §  617, 

giu     16jrp 

IT  ^  ~Jli''' ' 

This,  used  in  §  617  (10),  gives  us;  for  the  curvature  at  the 
middle  of  the  rod ;  the  elongation  and  contraction  where 
greatest,  that  is,  at  the  highest  and  lowest  points  of  the  normal 
section  through  the  middle  point;  and  the  droop  of  the  ends ; 
the  following  expressions, 

M  '    M  '   ^  '    8M  ' 

Thus,  for  a  rod  whose  length  is  200  times  its  diameter,  if  its 
substance  be  iron  or  steel,  for  which  p  =  775,  and  M=  194  x  10^ 
grammes  per  square  centimetre,  the  maximum  elongation  and 
contraction  (being  at  the  top  and  bottom  of  the  middle  section 
where  it  is  held)  are  each  equal  to  -Sx  10"^  x  I,  and  the  droop  of 
its  ends  to  2  x  10"^'  x  P.     Thus  a  steel  or  iron  wire,  ten  centi-  stiffness  of 
metres   long,   and  half  a  millimetre  in  diameter,   held  hori-  t.toei  rods  of 
zontally   by   its   middle,    would   experience    only   "000008    as  dimensions 
maximum    elongation    and    contraction,    and    only    "002    of    a 
centimetre  of  droop  in  its  ends :  a  round  steel  rod,  of  half  a 
centimetre  diameter,  and  one  metre  long,  would   experience 
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"00008  as  maximum  elongation  and  contraction,  and  '2  of  a 
centimetre  of  droop:  a  round  steel  rod,  of  ten  centimetres 
diameter,  and  twenty  metres  long,  need  not  be  of  remarkable 
temper  (see  Vol.  ii.,  Properties  of  Matter)  to  bear  being  held  by 
the  middle  without  taking  a  very  sensible  permanent  set :  and 
it  is  probable  that  any  temper  of  steel  or  iron  except  the  softest 
is  strong  enough  in  a  round  shaft  foity  metres  long,  if  only  twenty 
centimetres  in  diameter,  to  allow  it  to  be  held  by  its  middle, 
drooping  as  it  would  to  the  extent  of  320  centimetres  at  its 
ends,  without  cither  bending  it  beyond  elasticity  ;  or  breaking  il. 
(See  Encyclopoidia  Britannica,  Article  "Elasticity,"  §  22.) 

741.  In  passing  from  the  dynamics  of  perfectly  elastic  solids 
to  abstract  hydrodynamics,  or  the  dynamics  of  perfect  fluids, 
it  is  convenient  and  instructive  to  anticipate  slightly  some  of 
the  views  as  to  intermediate  properties  observed  in  real  solids 
and  fluids,  which,  according  to  the  general  plan  proposed 
(§  449)  for  our  work,  will  be  examined  with  more  detail  under 
Properties  of  Matter. 

By  induction  from  a  great  variety  of  observed  phenomena, 
we  are  compelled  to  conclude  that  no  change  of  volume  or  of 
shape  can  be  produced  in  any  kind  of  matter  without  dis- 
sipation of  energy  (§  275);  so  that  if  in  any  case  there  is  a 
return  to  the  primitive  configuration,  some  amount  (however 
small)  of  work  is  always  required  to  compensate  the  energy 
dissipated  away,  and  restore  the  body  to  the  same  physical 
and  the  bame  palpably  kinetic  condition  as  that  in  which  it 
was  given.  We  have  seen  (§  072;,  by  anticipating  something 
of  thermodynamic  principles,  how  such  dissipation  is  inevittible, 
even  in  dealing  with  the  absolutely  perfect  elasticity  of  volume 
presented  by  every  fluid,  and  possibly  by  some  solids,  as,  for 
instance,  homogeneous  crystals.  But  in  metals,  glass,  porcelain, 
natural  stones,  wood,  india-rubber,  homogeneous  jelly,  silk 
fibre,  ivory,  etc.,  a  (Wsimct  frictional  resistance*  against  every 
change  of  shape  is,  as  we  shall  see  in  Vol.  II.,  under  Pro- 
perties of  Matter,  demonstrated  by  many  experiments,  and  is 
found    to    depend    on    the   speed    with    which    the    change   of 

*  See  Prorci-diviif  of  the  Royal  Society,  May  1865,  "  On  the  Viscosity  and 
Elasticity  of  Metals"  (W.  Thomson). 
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shape    is    made.      A   very    remarkable    and    obvious    proof    of  viscosity  of 

^  .    V         ,  .  ,  „       1  .  ..        -^  ,.  ,     solids. 

inctional  resistance  to  change  oi  shape  m  ordmary  solids 
is  afforded  by  the  gradual,  more  or  less  rapid,  subsidence  of 
vibrations  of  elastic  solids;  marvellously  rapid  in  india-rubber, 
and  even  in  homogeneous  jelly;  less  rapid  in  glass  and  metal 
springs,  but  still  demonstrably  much  more  rapid  than  can  be 
accounted  for  by  the  resistance  of  the  air.  This  molecular 
friction  in  elastic  solids  may  be  properly  called  viscosity  of 
solids,  because,  as  being  an  internal  resistance  to  change  of 
shape  depending  on  the  rapidity  of  the  change,  it  must  be 
classed  with  fluid  molecular  friction,  which  by  general  con- 
sent is  called  viscosity  of  fluids.     But,  at  the  same  time,  we  viscosity  of 

J      •'    J  '  '  fluids. 

feel  bound  to  remark  that  the  word  viscosity,  as  used  hitherto 
by  the  best  writers,  when  solids  or  heterogeneous  semisolid- 
semifluid  masses  are  referred  to,  has  not  been  distinctly  applied 
to  molecular  friction,  especially  not  to  the  molecular  friction  of 
a  highly  elastic  solid  within  its  limits  of  high  elasticity,  but 
has  rather  been  employed  to  designate  a  property  of  slow,  con- 
tinual yielding  through  very  great,  or  altogether  unlimited, 
extent  of  change  of  shape,  under  the  action  of  continued  stress. 
It  is  in  this  sense  that  Forbes,  for  instance,  has  used  the  word 
in  stating  that  "  Viscous  Theory  of  Glacial  Motion"  which  he  Forbes* 
demonstrated  by  his  errand  observations  on  glaciers.     As,  how-  Theory  of 

1  1  f  •  01--I  ni,     Glacial 

ever,  ne,  and  many  other  writers  alter  him,  have  used  the  words  Motion." 
plasticity  and  plastic,  both  with  reference  to  homogeneous 
solids  (such  as  wax  or  pitch,  even  though  also  brittle ;  soft 
metals;  etc.),  and  to  heterogeneous  semisolid-semifluid  masses 
(as  mud,  moist  eaith,  mortar,  glacial  ice,  etc.),  to  designate  the 
property*,  common  to  all  those  cases,  of  experiencing  under 
continued  stress  either  quite  continued  and  unlimited  change 
of  shape,  or   gradually   very   great   change    at   a    diminishing 

*  Some  confusion  of  ideas  might  have  been  avoided  on  the  part  of  writers  who 
have  professedly  objected  to  Forbes'  theory  while  really  objecting  only  (aud  we 
believe  groundlessly)  to  his  usage  of  the  word  viscosity,  if  they  had  paused  to  con- 
sider that  no  one  physical  explanation  can  hold  for  those  several  cases ;  and  that 
Forbes'  theory  is  merely  the  proof  by  observation  that  glaciers  have  the  property 
which  mud  (heterogeneous),  mortar  (heterogeneous),  pitch  (homogeneous),  water 
(bomogeneous),  aU  have  of  changing  shape  indefinitely  and  continuously  under 
the  action  of  continued  stress. 
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(asymptotic)  rate  through  infinite  time;  and  as  the  use  of  the 
term  jJ^asticiti/  implies  no  more  than  does  viscosity  any  physical 
theory  or  explanation  of  the  property,  the  word  viscosity  is 
without  inconvenience  left  available  for  the  definition  we  have 
given  of  it  above. 

742.  A  2)erfect  fluid,  or  (as  we  shall  call  it)  a  fluid,  is  an 
unrealizable  conception,  like  a  rigid,  or  a  smooth,  body:  it  is 
defined  as  a  body  incapable  of  resisting  a  change  of  shape  :  and 
therefore  incapable  of  experiencing  distorting  or  tangential 
stress  (§  669).  Hence  its  pressure  on  any  surface,  whether 
of  a  solid  or  of  a  contiguous  portion  of  the  fluid,  is  at  every 
point  perpendicular  to  the  surface.  In  equilibrium,  all  common 
liquids  and  gaseous  fluids  fulfil  the  definition.  But  there  is 
finite  resistance,  of  the  nature  of  friction,  opposing  change  of 
shape  at  a  finite  rate ;  and  therefore,  while  a  fluid  is  changing 
shape,  it  exerts  tangential  force  on  every  surface  other  than 
normal  planes  of  the  stress  (§  6H4)  required  to  keep  this  change 
of  shape  going  on.  Hence;  although  the  hydrostatical  results, 
to  which  we  immediately  proceed,  are  verified  in  practice;  in 
treating  of  hydrokiuetics,  in  a  sub-sequent  chapter,  we  shall  be 
obliged  to  introduce  the  consideration  of  fluid  friction,  except 
in  cases  where  the  circumstances  are  such  as  to  render  its 
effects  insensible. 

743.  With  reference  to  a  fluid  the  pressure  at  any  point  in 
any  direction  is  an  expression  used  to  denote  the  average  pres- 
sure per  unit  of  area  on  a  plane  surface  imagined  as  containing 
the  point,  and  perpendicular  to  the  direction  in  question,  when 
the  area  of  that  surface  is  indefinitely  diminished. 

744.  At  any  point  in  a  fluid  at  rest  the  pre.ssure  is  the 
same  in  all  directions :  and,  if  no  external  forces  act,  the 
pressure  is  the  same  at  every  point.  For  the  proof  of  these 
and  most  of  the  following  propositions,  we  imagine,  according 
to  §  564,  a  definite  portion  of  the  fluid  to  become  solid,  without 
changing  its  mass,  form,  or  dimensions. 

Suppose  the  fluid  to  be  contained  in  a  closed  vessel,  the 
pressure  within  depending  on  the  pressure  exerted  on  it  by  the 
vessel,  and  not  on  any  external  force  such  as  gravity. 
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745.  The  resultant  of  the  fluid  pressures  on  the  elements  Fluid  pres- 

suro  nrovcd 

of  any  portion  of  a  spherical  surface  must,  like  each  of  its  equal  in  aii 

.111  r>      1  1  TT  directions. 

components,  pass  through  the  centre  oi  the  sphere.  Hence, 
if  we  suppose  (§  564)  a  portion  of  the  fluid  in  the  form  of 
a  plano-convex  lens  to  be  solidified,  the  resultant  pressure  on 
the  plane  side  must  pass  through  the  centre  of  the  sphere;  and, 
therefore,  being  perpendicular  to  the  plane,  must  pass  through 
the  centre  of  the  circular  area.  From  this  it  is  obvious  that 
the  pressure  is  the  same  at  all  points  of  any  plane  in  the  fluid. 
Hence,  by  §  562,  the  resultant  pressure  on  any  plane  surface 
passes  through  its  centre  of  inertia. 

Next,  imagine  a  triangular  prism  of  the  fluid,  with  ends 
perpendicular  to  its  faces,  to  be  solidified.  The  resultant 
pressures  on  its  ends  act  in  the  line  joining  the  centres  of 
inertia  of  their  areas,  and  are  equal  (§  552)  since  the  re- 
sultant pressures  on  the  sides  are  in  directions  perpendicular 
to  this  line.  Hence  the  pressure  is  the  same  in  all  parallel 
planes. 

But  the  centres  of  inertia  of  the  three  faces,  and  the  resultant 
pressures  applied  there,  lie  in  a  triangular  section  parallel  to 
the  ends.  The  pressures  act  at  the  middle  points  of  the  sides 
of  this  triangle,  and  perpendicularly  to  them,  so  that  their 
directions  meet  in  a  point.  And,  as  they  are  in  equilibrium, 
they  must  be,  by  §  559,  e,  proportional  to  the  respective  sides  of 
the  triangle;  that  is,  to  the  breadths,  or  areas,  of  the  faces  of 
the  prism.  Thus  the  resultant  pressures  on  the  faces  must  be 
proportional  to  the  areas  of  the  faces,  and  therefore  the  pressure 
is  equal  in  any  two  planes  which  meet. 

Collecting  our  results,  we  see  that  the  pressure  is  the  same 
at  all  points,  and  in  all  directions,  throughout  the  fluid  mass. 

746.  One  immediate  application  of  this  result  gives  us  a  Application 
simple  though  indirect  proof  of  the  second  theorem  in  §  559,  e,  soUds.*'*^^  °' 
for  we  have  only  to  suppose  the  polyhedron  to  be  a  solidified 
portion  of  a  mass  of  fluid  in  equilibrium  under  pressures  only. 

The  resultant  pressure  on  each  side  will  then  be  proportional 
to  its  area,  and,  by  §  562,  will  act  at  its  centre  of  inertia;  which, 
in  this  case,  is  the  Centre  of  Pressure.  £!:"*/®.2^ 

'  •/  pressure. 
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Anpiication       747.     Another  proof  of  the  equality  of  pressure  throughout 

or  the  prin-  „    /,     .  ,  .     ^  11  .1  .  1    /• x^ xi.- 


enerfry. 


cipie'cf""  a  mass  of  fluid,  uninfluenced  by  other  external  force  than  the 
pressure  of  the  containing  vessel,  is  easily  furnished  by  the 
energy  criterion  of  equilibrium,  §  289 ;  but,  to  avoid  complica- 
I'roofby  tion,  we  will  consider  the  fluid  to  be  incompressible.  Suppose 
the'^\iliity  a  number  of  pistons  fitted  into  cylinders  inserted  in  the  sides 
pressure  of  the  closcd  vcssel  Containing  the  fluid.  Then,  if  A  be  the 
directions,  area  of  one  of  these  pistons,  p  the  average  pressure  on  it,  x  the 
distance  through  which  it  is  pressed,  in  or  out ;  the  energy 
criterion  is  that  no  work  shall  be  done  on  the  whole,  i.e.  that 

APi^i  +  ^iPi^i  +...=  2:  {Aj)x)  =  0, 

as  much  work  being  restored  by  the  pistons  wliich  are  forced 
out,  as  is  done  by  those  forced  in.  Also,  since  the  fluid  is  in- 
compressible, it  must  have  gained  as  much  space  by  forcing 
out  some  of  the  pistons  as  it  lost  by  the  intrusion  of  the  others. 

This  gives 

A^x^  +  A^x^+...=  l{Ax)=0. 

The  last  is  the  only  condition  to  which  x^,  x^,  etc.,  in  the  first 
equation,  are  subject;  and  therefore  the  first  can  only  be 
satisfied  if 

that  is,  if  the  pressure  be  the  same  on  each  piston.  Upon  this 
property  depends  the  action  of  Bramah's  Uydrostatic  Press. 

If  the  fluid  be  compressible,  the  work  expended  in  compressing 
it  from  volume  V  to  V—  hV,  at  mean  pressure  p,  is  phV. 

If  in  tliis  case  we  assume  the  pressure  to  be  the  same  through- 
out, we  obtain  a  result  consistent  with  the  energy  criterion. 

The  work  done  on  the  fluid  is  2  {'^px),  that  is,  in  consequence 
of  tlic  assumption,  pS  {^x). 

But  this  is  equal  to  phV,  for,  evidently,   2  [Ax)  =  ZV. 

Fluid  pros-       748.     When  forces,  such  as  gravitv,  act  from  external  matter 
pindiiiKon  ui^on  the  substance  of  the  fluid,  either  in  proportion  to  the 
forces.         density  of  its  own  substance  in  its  dinerent  parts,  or  in  propor- 
tion to  the  density  of  electricity,  or  of  magnetic  polarity,  or  of 
any  other  conceivable  accidental  projjerty  of  it,  the  pressure  will 
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still  be  the  same  in  all  directions  at  any  one  point,  but  will  Fluid  pres- 
now  vary  continuously  from  point  to  point.     For  the  preceding  pendiifeon 
demonstration  (§  745)  may  still  be  applied  by  simply  taking  forces. 
the  dimensions  of  the  prism  small  enough ;  since  the  pressures 
are  as  the  squares  of  its  linear  dimensions,  and  the  effects  of 
the  applied  forces  such  as  gravity,  as  the  cubes. 

749.  When  forces  act  on  the  whole  fluid,  surfaces  of  equal  Surfaces  of 
pressure,  if  they  exist,  must  be  at  every  point  perpendicular  sure  are  per- 
to  the  direction  of  the  resultant  force.     For,  any  prism  of  the  to  the  lines 
fluid  so  situated  that  the  whole  pressures  on  its  ends  are  equal 

must  (§  552)  experience  from  the  applied  forces  no  component 
in  the  direction  of  its  length;  and,  therefore,  if  the  prism  be 
so  small  that  from  point  to  point  of  it  the  direction  of  the 
resultant  of  the  applied  forces  does  not  vary  sensibly,  this 
direction  must  be  perpendicular  to  the  length  of  the  prism. 
From  this  it  follows  that  whatever  be  the  physical  origin,  and 
the  law,  of  the  system  of  forces  acting  on  the  fluid,  and  whether 
it  be  conservative  or  non-conservative,  the  fluid  cannot  be  in 
equilibrium  unless  the  lines  of  force  possess  the  geometrical 
property  of  being  at  right  angles  to  a  series  of  surfaces. 

750.  Again,  considering  two  surfaces  of  equal  pressure  in- 
finitely near  one  another,  let  the  fluid  between  them  be  divided 
into  columns  of  equal  transverse  section,  and  having  their 
lengths  perpendicular  to  the  surfaces.  The  difference  of  pres- 
sures on  the  two  ends  being  the  same  for  each  column,  the 
resultant  applied  forces  on  the  fluid  masses  composing  them 

must  be  equal.     Comparing  this  with  §  488,  we  see  that  if  the  ^[J.fjj*^Q{ 
applied  forces  constitute  a  conservative  system,  the  density  of  ^Ji"^*^^!*!- 
matter,  or  electricity,  or  whatever  projjerty  of  the  substance  po[^,"\'*ai 
they   depend   on,  must  be   equal  throughout  the  layer  under  s^)stem^f 
consideration.     This  is  the  celebrated  hydrostatic  proposition  gervatfve""^' 
that  in  a  fluid  at  rest,  surfaces  of  equal  pressure  are  also  surfaces 
of  equal  density  and  of  equal  potential. 

751.  Hence,  when  gravity  is  the  only  external  force  con-  Gravity  the 

•  1  1  r  r  ^  nil-  /I  o"'>'  exter- 

sidered,  surfaces  of  equal  pressure  and  equal  density  are  (when  nai  force. 
of  moderate  extent)  horizontal  planes.     On  this  depends  the 
action  of  levels,  syphons,  barometers,  etc.;  also  the  separation 

20—2 
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Gravity  the  of  liouids  of  different  densities  (which  do  not  mix  or  combine 

oiilv  filer-        1  ■       11    X    .  1        •  1  mi        i-  c  e 

naiforco.  chenncalJy)  into  horizontal  strata,  etc.  etc.  Ihe  iree  suriace  ot 
a  liquid  is  exposed  to  the  pressure  of  the  atmosphere  simply; 
and  therefore,  when  in  equilibrium,  must  be  a  surface  of  equal 
pressure,  and  consequently  level.  In  extensive  sheets  of  water, 
such  as  the  American  lakes,  difterences  of  atmospheric  pressure, 
even  in  moderately  calm  weather,  often  produce  considerable 
deviations  from  a  truly  level  surface. 

Rate  of  752.     The  rate  of  increase  of  pressure  per  unit  of  length  in 

increase  of       ,•.  .  f,     ■,  ».  ,  ,.  . 

pressure,  tho  du'cction  of  the  rcsultaut  force,  is  equal  to  the  intensity  of 
the  force  reckoned  per  unit  of  volume  of  the  fluid.  Let  F  be  the 
resultant  force  per  unit  of  volume  in  one  of  the  columns  of  §750; 
p  and  p'  the  pressures  at  the  ends  of  the  column,  I  its  length, 
S  its  section.     We  have,  for  the  equilibrium  of  the  column, 

{2)'-p)S=-SlF. 

Hence  the  rate  of  increase  of  pressure  per  unit  of  length  is  F. 

If  the  applied  forces  belong  to  a  conservative  system,  for 
which  V  and  V  are  the  values  of  the  potential  at  the  ends  of 
the  column,  we  have  (§  486) 

V  -  V=  -  IFp, 

where  p  is  the  density  of  the  fluid.     This  gives 

j>'-p  =  -piV'-V) 

or  dp  =  —  pdV. 

Hence  in  the  case  of  gravity  as  the  only  impressed  force  the 
rate  of  increase  of  pressure  per  unit  of  depth  in  the  fluid  is  p, 
in  gravitation  measure  (usually  employed  in  hydrostatics).  In 
kinetic  or  absolute  measure  (§  224')  it  is  gp. 

If  the  fluid  be  a  gas,  such  as  air,  and  be  kept  at  a  constant 
temperature,  we  have  p  =  cp,  where  c  denotes  a  con^tilut,  the 
)-eciprocal  of  //,  the  "height  of  the  homogeneous  atmosphere," 
defined  (§753)  below.  Hence,  in  a  calm  atmosphere  of  uniform 
temperature  we  have  dpjp  =  —  cdV;  and  from  this,  by  integra- 
tion, p  =  PoC"**'  where  p^  is  the  pressure  at  any  particular  level 
(the  sea-level,  for  instance)  where  we  choose  to  reckon  the 
potential  as  zero. 
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When  the  differences  of  level  considered  are  infinitely  small  in  Rate  of 
comparison  with  the  earth's  radius,  as  we  may  practically  regard  pressure, 
them,  in  measuring  the  height  of  a  mountain,  or  of  a  balloon,  Ijy 
the  barometer,  the  force  of  gravity  is  constant,  and  therefore 
difierences  of  potential  (force  being  reckoned  in  units  of  weight) 
are  simply  equal  to  differences  of  level.  Hence  if  x  denote 
height  of  the  level  of  pressure  p  above  that  oi  p^,  we  have,  in 
the  preceding  formulae,  V=x,  and  therefore  p=pjC^>  That  is 
to  say — 

753.  If  the  air  be  at  a  constant  temperature,  the  pressure  Pressure 
diminishes  in  geometrical  proo^ression  as  the  height  increases  atmosphere 
m  antiimetical  progression,  ihis  theorem  is  due  to  HaJIey.  terapera- 
Without  formal  mathematics  we  see  the  truth  of  it  by  remark- 
ing that  differences  of  pressure  are  (§  752)  equal  to  differences 
of  level  multiplied  by  the  density  of  the  fluid,  or  by  the  proper 
mean  density  when  the  density  differs  sensibly  between  the  two 
stations.  But  the  density,  when  the  temperature  is  constant, 
varies  in  simple  proportion  to  the  pressure,  according  to  Boyle's 
and  Mariotte's  law.  Hence  differences  of  pressure  between  pairs 
of  stations  differing  equally  in  level  are  proportional  to  the  proper 
mean  values  of  the  whole  pressure,  which  is  the  well-known 
compound  interest  law.  The  rate  of  diminution  of  pressure 
per  unit  of  length  upwards  in  proportion  to  the  whole  pressure 
at  any  point,  is  of  course  equal  to  the  reciprocal  of  the  height 
above  that  point  that  the  atmosphere  must  have,  if  of  constant 
density,  to  give  that  pressure  by  its  weight.  The  height  thus 
defined  is  commonly  called  "the  height  of  the  homosfeneous  Heichtof 

„  -^  .  ®        .  °  the  homo- 

atmosphere,     a   very  convenient   conventional  expression.     Itseneousat- 

mosphere. 

is  equal  to  the  product  of  the  volume  occupied  by  the  unit 
mass  of  the  gas  at  any  pressure  into  the  value  of  that  pressure 
reckoned  per  unit  of  area,  in  terms  of  the  weight  of  the  unit  of 
mass.  If  we  denote  it  by  H,  the  exponential  expression  of  the 
law  \%'p  =  'p^&-^<^,  which  agrees  with  the  final  formula  of  §  752. 

The  value  of  H  for  dry  atmospheric  air,  at  the  freezing 
temperature,  according  to  Regnault,  is,  in  the  latitude  of  Paris, 
799,020  centimetres,  or  26,215  feet.  Being  inversely  as  the  force 
of  gravity  in  different  latitudes  (§  222),  it  is  798,533  centimetres, 
or  26,199  feet,  in  the  latitude  of  Edinburgh  and  Glasgow. 
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Let  X,  Y,  Z  be  the  components,  parallel  to  three  rectangular 
axes,  of  the  force  acting  on  the  fluid  at  (x,  y,  2),  reckoned  per 
unit  of  its  mass.  Then,  inasmuch  as  the  difference  of  pressures 
on  the  two  faces  hjlz  of  a  rectangular  parallelepiped  of  the  fluid 

is  Sv&s -^  8a;,  the  equilibrium  of  this  portion  of  the  fluid,  regarded 

for  a  moment  (§  564)  as  rigid,  requires  that 

hyhz  -j-hx-  XphxZy^z  =  0. 

From  this  and  the  symmetrical  equations  relative  to  y  and  z  we 


have 


dp      V.      ^P 


dy=^' 


dz 


=  Zo 


(1). 


which  are  the  conditions  necessary  and  sufficient  for  the  equi- 
librium of  any  fluid  mass. 

From  these  we  have 


(2). 


dp  =  ^dx  +  ^dy  +  -f-dz^p  (Xdx  +  Ydy  +  Zdz) . 
^     dx  dy  dz 

This  shows  that  the  expression  Xdx  +  Ydy  +  Zdz  must  be  the 
complete  difierential  of  a  function  of  three  independent  variables, 
or  capable  of  being  made  so  by  a  factor;  that  is  to  say,  that  a 
series  of  surfaces  exists  which  cuts  the  lines  of  force  at  right 
angles;  a  conclusion  also  proved  above  (§  749). 

When  the  forces  belong  to  a  conservative  system  no  factor  ia 
required  to  make  the  complete  differential ;  and  we  have 

Xdx+  Ydy  +  Zdz  =  -dV 

if  V  denote  (§  485)  their  potential  at  {x,  y,  s):  so  that  (2)  be- 
comes dp  =  -  pdV (3). 

This  shows  that  p  is  constant  over  equipotential  surfaces  (or  is  a 
function  of  V);  and  it  gives 


P  =  - 


dp 
dV 


(4). 


showing  that  p  also  is  a  function  of  V;  conclusions  of  which  we 
have  had  a  more  elementary  proof  in  §  752.  As  (4)  is  an 
analytical  expression  equivalent  to  the  three  equations  (I),  for 
the  case  of  a  conservative  system  of  forces,  we  conclude  that 

Conditicns       754.     It  is  both  necessary  and  sufficient  for  the  equilibrium 
hbnnmtt    of  an   incompressible   fluid   completely   filling   a   rigid    closed 
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vessel,  and  influenced  only  by  a  conservative  system  of  forces,  fluid  com- 
that  its  density  be  uniform  over  every  equipotential  surface,  fng  a  closed 
that  is  to  say,  every  surface  cutting  the  lines  of  force  at  right 
angles.  If,  however,  the  boundary,  or  any  part  of  the  boun- 
dary, of  the  fluid  mass  considered,  be  not  rigid ;  whether  it  be 
of  flexible  solid  matter  (as  a  membrane,  or  a  thin  sheet  of 
elastic  solid),  or  whether  it  be  a  mere  geometrical  boundary,  on 
the  other  side  of  which  there  is  another  fluid,  or  nothing  [a 
case  which,  without  believing  in  vacuum  as  a  reality,  we  may 
admit  in  abstract  dynamics  (§  438)],  a  farther  condition  is 
necessary  to  secure  that  the  pressure  from  without  shall  fulfil 
(4)  at  every  point  of  the  boundary.  In  the  case  of  a  bounding 
membrane,  this  condition  must  be  fulfilled  either  through 
pressure  artificially  applied  from  without,  or  through  the  in- 
terior elastic  forces  of  the  matter  of  the  membrane.  In  the 
case  of  another  fluid  of  different  density  touching  it  on  the 
other  side  of  the  boundary,  all  round  or  over  some  part  of  it, 
with  no  separating  membrane,  the  condition  of  equilibrium  of 
a  heterogeneous  fluid  is  to  be  fulfilled  relatively  to  the  whole 
fluid  mass  made  up  of  the  two ;  which  shows  that  at  the  boun- 
dary the  pressure  must  be  constant  and  equal  to  that  of  the 
fluid  on  the  other  side.     Thus  water,  oil,  mercury,  or  any  other  Free  surface 

,  ''  •'  in  open 

liquid,  m  an  open  vessel,  with  its  free  surface  exposed  to  the  vessel  is 
air,  requires  for  equilibrium  simply  that  this  surface  be  level. 

755.     Recurring  to  the  consideration  of  a  finite  mass  of  fluid  Fluid,  in 

clos€(i 

completely  filling  a  rigid  closed  vessel,  and  supposing  that,  if  vessel, 

,       ^  •    ^        n      ^  n  ,  •  i  pi  underanon- 

the    potential   oi    the    lorce-system  (as    in    the    case   referred  conserva- 

.  .  f.  .  tive  system 

to  in  the  sixth  and  seventh  lines  of  §  758)  be  a  cyclic*  func-  offerees. 

*  We  here  introduce  term  "cyclic  function"  to  designate  a  function  of 
more  than  one  variable  which  experiences  a  constant  addition  to  its  value 
every  time  the  variables  are  made  to  vary  continuously  from  a  given  set  of 
values  through  some  cycle  of  values  back  to  the  same  primitive  set  of  values. 

Examples  (1)  tan~^  (l//^)-  This  is  the  potential  of  the  conservative  system 
referred  to  in  the  first  clause  of  the  third  sentence  of  §  758. 

(2)  /■{x''  +  y^)tan~i(j//.r).    This  expresses  the  fluid  pressure  in  the  case 
of  hydrostatic  example  described  in  the  next  to  the  last  sentence  of  §  758. 

(3)  The  apparent  area  of  a  closed  curve  (plane  or  not  plane)  as  seen 
from  any  point  (x,  ij,  z). 
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Fluid,  in  tioD,  the  enclosure  containing  the  liquid  is  singly-continuous, 
vessel.  we  See,  from  what  precedes,  that,  if  homogeneous  and  incom- 
cons.rva-     iiressiblc,  the  fluid  cannot  be  disturbed  from  equiHbrium  by 

ti  VI- system  .  c    />  i  i  •  -l 

of  forces,  any  conservative  system  of  forces;  but  we  do  not  require  the 
analytical  investigation  to  prove  this,  as  we  should  have  "  the 
perpetual  motion"  if  it  were  denied,  which  would  violate  the 
hypothesis  that  the  system  of  forces  is  conservative.  On  the 
other  hand,  a  non-conservative  system  of  forces  cannot,  under 
any  circumstances,  equilibrate  a  fluid  which  is  either  uniform 
in  density  throughout,  or  of  homogeneous  substance,  rendered 
heterogeneous  in  density  only  through  difference  of  pressure. 
But  if  the  forces,  though  not  conservative,  be  such  that  through 
every  point  of  the  space  occupied  by  the  fluid  a  surface  can  be 
drawn  which  shall  cut  at  right  angles  all  the  lines  of  force  it 
meets,  a  heterogeneous  fluid  will  rest  in  equilibrium  under 
their  influence,  provided  (§  750)  its  density,  from  point  to  point 
of  every  one  of  these  orthogonal  surfaces,  varies  inversely  as  the 
product  of  the  resultant  force  into  the  thickness  of  the  infi- 
nitely thin  layer  of  space  between  that  surface  and  another  of 
the  orthogonal  surfaces  infinitely  near  it  on  either  side.  (Com- 
pare §  488.) 

The  same  conclusion  is  proved  as  a  matter  of  coui-se  from  (1) 

suace  that  equation  is  merely  the  analytical  expression  that  the 

force  at  every  point  (.r,  y,  z)  is  along  the  normal  to  that  surface 

of  the  series  given  by  difierent  values  of    C  in   p  =  C,  which 

Fluid  tinder  passes  through  {x,  y,  z);  and  that  the  magnitude  of  the  resultant 

nny  s.v.stem  .. 

of  force*.  lurce  13 


P 

of  wliich  the  numerator  is  equal  to  8(7/t,  if  t  be  the  thickness  at 
(x,  y,  z)  of  the  shell  of  space  between  two  sui-faces  p  =  C  and 
2)  =  C+  8C,  infinitely  near  one  another  on  two  sides  of  (x,  y,  z). 

(4)    Functions  of    auj    number    of    variables   iuventcd  by  suggestion 
from  (2). 

The  designation  "many-valued  function"  which  has  hitherto  been  applied 
to  such  functions  is  not  patisfactory,  if  only  because  it  is  also  applicable  to 
functions  of  roots  of  algebraic  or  transcendental  equation?. 
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The  analytical  expression  of  the  condition  which  X,  T,  Z  must  Fluid  under 
fulfil  in  ordei-  that  (1)  may  be  possible  is  found  thus;  of  forces. 

d  dp      d  dp 
since  -T  -y-  =-1 — i-  •,  etc., 

dz  dy     dy  dz 

we  have  ^(p7)=— (p^) 


.(5). 


dz  dy 

Performing  the  difterentiations,  and  multiplying  the  first  of  the 
resulting  equations  by  X,  the  second  by  Y,  and  the  third  by  Zy 
we  have 

„(dZ     dY\      ^[dX     dZ\      „(dY     dX\     ^      ,^^ 

which  is  merely  the  well-known  condition  that  XdxA-  Tdy  +  Zdz 
may  be  capable  of  being  rendered  by  a  foctor  the  complete  dif- 
ferential of  a  function  of  three  independent  variables. 

Or  if  we  multiply  the  first  of  (5)  by  dpjdx,  the  second  by  dpidy, 
and  the  third  by  dpjdz,  and  add,  we  have 

dpfd^_dY\      (JpfclX_dZ\      ^fdY_dX\ 

dx\dy      dz)  '^  dy  \dz       dx)  ^  dz\dx      d^)~     '  ^' 

This  .shows  that  the  line  whose  direction-cosines  are  propor- 
tional t        ^ -^  ^_^  ir_^ 

dy      dz  '     dz       dx*     dx      dy 

is  perpendicular  to  the  surface  of  equal  density  through  (x,  y,  z); 
and  (6)  shows  that  the  same  line  is  perpendicular  to  the  resultant 
force.  It  is  therefore  tangential  both  to  the  surface  of  equal 
density  and  to  that  of  equal  pressure,  and  therefore  to  their 
curve  of  intersection.  The  differential  equations  of  this  curve 
are  therefore 

dx  dy  dz 


dy      dz       dz      dx      dx       dy 


.(8). 


756.     If  we  imagine  all  the  fluid  to  become  rigid  except  an  EquiUbnum 
infinitely  thin  closed  tubular  portion  lying  in  a  surface  of  equal  ~ 
density,  and  if  the  fluid  in  this  tubular  circuit  be  moved  through 
any  space  along  the  tube  and  left  at  rest,  it  will  remain  in 
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Equilibrium  equilibrium  in  the  new  position,  all  positions  of  it  in  the  tube 

condition.  .  .  -  . 

being  indifferent  because  of  its  homogeneousness.  Hence  the 
work  (positive  or  negative)  done  by  the  force  (A",  Y,  Z)  on  any 
portion  of  the  fluid  in  any  displacement  along  the  tube  is 
balanced  by  the  work  (negative  or  positive)  done  on  the 
remainder  of  the  fluid  in  the  tube.  Hence  a  single  particle, 
acted  on  always  by  the  resultant  of  X,  Y,  Z,  and  kept  moving 
round  the  circuit,  that  is  to  say  moving  along  any  closed  curve 
on  a  surface  of  equal  density,  has,  at  the  end  of  one  complete 
circuit,  done  just  as  much  work  against  that  resultant  force 
in  some  parts  of  its  course,  as  the  resultant  force  does  on  it  in 
the  remainder  of  the  circuit. 

An  interesting  application  of  {j)  §  190  may  be  made  to  prove 
this  result  analytically.  Thus,  if  we  take  for  a,  /3,  y  our  present 
force-components  A",  Y,  Z ;  and  for  the  surface  there  refeired 
to,  a  surface  of  equal  density  in  our  heterogeneous  duid;  the 
expression 

vanishes  because  of  (7),  and  we  conclude  that 

/  {Xdx  +  Ydy  +  Zdz)  =  0, 
for  any  closed  circuit  on  a  surface  of  equal  density. 


t'Spicof        ^^^-     '^^^  following  ideal  example,  and  its  realization  in  a 
^ernoT  Subsequent  section  (§  759),  show  a  curiously  interesting  practical 


tire'foJ^w's.  application  of  the  theory  of  fluid  equilibrium  under  extraordi- 
nary circumstances,  generally  regarded  as  a  merely  abstract 
analytical  theory,  practically  useless  and  quite  unnatural,  "  be- 
cause forces  in  nature  follow  the  conservative  law." 

758.  Let  the  lines  of  force  be  circles,  with  their  centres  all 
in  uue  line,  and  their  planes  perpendicular  to  it.  They  are  cut 
at  right  angles  by  planes  through  this  axis ;  and  therefore  a 
fluid  may  be  in  equilibrium  under  such  a  system  of  forces. 
The  system  will  not  be  conservative  if  the  intensity  of  the 
force  be  according  to  any  other  law  than  inverse  proportionality 
to  distance  from  this  axial  line ;  and  the  fluid,  to  be  in  equili- 
brium, must  be  heterogeneous,  and  be  so  distributed  as  to  vary 
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in  density  from  point  to  point  of  every  plane  through  the  axis,  i,ieai 
inversely  as  the  product  of  the  force  into  the  distance  from  the  equni'brium 
axis.  But  from  one  such  plane  to  another  it  may  be  either  con^rva- " 
uniform  in  density,  or  may  vary  arbitrarily.  To  particularize 
farther,  we  may  suppose  the  force  to  be  in  direct  simple  pro- 
portion to  the  distance  from  the  axis.  Then  the  fluid  will  be 
in  equilibrium  if  its  density  varies  from  point  to  point  of  every 
plane  through  the  axis,  inversely  as  the  square  of  that  distance. 
If  we  still  farther  particularize  by  making  the  force  uniform 
all  round  each  circular  line  of  force,  the  distribution  of  force 
becomes  precisely  that  of  the  kinetic  reactions  of  the  parts  of  a 
rigid  body  against  accelerated  rotation.  The  fluid  pressure  will 
^§  749)  be  equal  over  each  plane  through  the  axis.  And  in 
one  such  plane,  which  we  may  imagine  carried  round  the  axis 
in  the  direction  of  the  force,  the  fluid  pressure  will  increase  in 
simple  proportion  to  the  angle  at  a  rate  per  unit  angle  (§  41) 
equal  to  the  product  of  the  density  at  unit  distance  into  the 
force  at  unit  distance.  Hence  it  must  be  remarked,  that  if  any 
closed  line  (or  circuit)  can  be  drawn  round  the  axis,  without 
leaving  the  fluid,  there  cannot  be  equilibrium  without  a  firm 
partition  cutting  every  such  circuit,  and  maintaining  the  differ- 
ence of  pressures  on  the  two  sides  of 
it,  corresponding  to  the  angle  27r. 
Thus,  if  the  axis  pass  through  the 
fluid  in  any  part,  there  must  be  a 
partition  extending  from  this  part  of 
the  axis  continuously  to  the  outer 
bounding  surface  of  the  fluid.  Or 
if  the  bounding  surface  of  the  whole 

fluid  be  annular  (like  a  hollow  anchor-ring,  or  of  any  irregular 
shape),  in  other  words,  if  the  fluid  fills  a  tubular  circuit;  and 
the  axis  (A)  pass  through  the  aperture  of  the  ring  (without 
passing  into  the  fluid);  there  must  be  a  firm  partition  (CD) 
extending  somewhere  continuously  across  the  channel,  or 
passage,  or  tube,  to  stop  the  circulation  of  the  fluid  round  it; 
otherwise  there  could  not  be  equilibrium  with  the  supposed 
forces  in  action.  If  we  further  suppose  the  density  of  the  fluid 
to  be  uniform  round  each  of  the  circular  lines  of  force  in  the 
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Ideal  system  we  have  so  far  considered  (so  that  the  density  shall  be 

example  of  .  i  •      i  i        •  i         i  •  *•      i     • 

rqiiiiii.riuiii  Gfiual  ovcr   evefv  circular   cylinder   havinor  the   line   of  their 

under  noii-        ^  .  •'  .  •'  "^ 

conserva-     centres  for  its  axis,  and  shall  vary  from  one  such  cylindrical 

tive  forces.  •'  .       •' 

surface  to  another,  inversely  as  the  squares  of  their  radii),  we 
may,  without  disturbing  the  equilibrium,  impose  any  conserva- 
tive system  of  force  in  lines  perpendicular  to  the  axis;  that  is 
(§  488),  any  system  of  force  in  this  direction,  with  intensity 
varying  as  some  function  of  the  distance.  If  this  function  be 
the  simple  distance,  the  superimposed  system  of  force  agrees 
precisely  with  the  reactions  against  curvature,  that  is  to  say, 
the  centrifugal  forces,  of  the  parts  of  a  rotating  rigid  body. 

Actual  case.  759.  Thus  we  arrive  at  the  remarkable  conclusion,  that  if 
a  rigid  closed  box  be  completely  filled  with  incompressible 
heterogeneous  fluid,  of  density  varying  inversely  as  the  square 
of  the  distance  from  a  certain  line,  and  if  the  box  be  moveable 
round  this  line  as  a  fixed  axis,  and  be  urged  in  any  way  by 
forces  applied  to  its  outside,  the  fluid  will  remain  in  equilibrium 
relatively  to  the  box ;  that  is  to  say,  will  move  round  with  the 
box  as  if  the  whole  were  one  rigid  body,  and  will  come  to  rest 
with  the  box  if  the  box  be  brought  again  to  rest:  provided 
always  the  preceding  condition  as  to  partitions  be  fulfilled  if 
the  axis  pass  through  the  fluid,  or  be  surrounded  by  continuous 
lines  of  fluid.  For,  in  starting  from  rest,  if  the  fluid  moves 
like  a  rigid  solid,  we  have  reactions  against  acceleration,  tan- 
gential to  the  circles  of  motion,  and  equal  in  amount  to  tar 
])er  unit  of  mass  of  the  fluid  at  distance  r  from  the  axis,  (6 
being  the  rate  of  acceleration  {§  42)  of  the  angular  velocity; 
and  (§  259)  we  have,  in  the  direction  perpendicular  to  the 
axis  outwards,  reaction  against  curvature  of  path,  that  is  to 
say,  "centrifugal  force,"  equal  to  eoV  per  unit  of  mass  of  the 
fluid.  Hence  the  equilibrium  which  we  have  demonstrated 
in  the  preceding  section,  for  the  fluid  supposed  at  rest,  and 
arbitrarily  influenced  by  two  systems  of  force  (the  circular 
non-conservative  and  the  radial  conservative  system)  agreeing 
Aftunicas"  in  law  with  these  forces  of  kinetic  reaction,  proves  for  us  now 
equilibrium  the  D'Alcmbcrt  (§  2G4)  equilibrium  condition  for  the  motion 
conserva-     of  the  whole  fluid  as  of  a  riijid  body  experiencing  accelerated 

live  forces.  .  .  °  .         .  . 

rotation;  that  is  to  say,  shows  that  this  kind  of  motion  fulfils 
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for  the  actual  circumstances  the  laws  of  motion,  and,  therefore, 
that  it  is  the  motion  actually  taken  by  the  fluid. 

760.  If  the  fluid  is  of  homogeneous  substance  and  uniform  Relation 
temperature  throughout,  but  compressible,  as  all  real  fluids  are,  density  and 
it  can  be  heterogeneous  in  density,  only  because  of  difference  appUt-d 
of  pressure  in  different  parts ;   the  surfaces  of  equal  density 

must  be  also  surfaces  of  equal  pressure ;  and,  as  we  have  seen 
above  {§  753),  there  can  be  no  equilibrium  unless  the  system 
of  forces  be  conservative.  The  function  which  the  density  is 
of  the  pressure  must  be  supposed  known  (§  448),  as  it  depends 
on  physical  properties  of  the  fluid.     Compare  §  752. 

Let  P-f{p)  (9). 

We  have,  by  §  753  (3),  integrated, 

jdplf{p)  =  C-V (10), 

or,  if  F  denote  such  a  function,  that 

F{jdplf{p)]=p (11), 

p  =  F{G-V), 
and,  by  (9),  P=f{F{G-  V)] (12). 

761.  In  §  746  we  considered  the  resultant  pressure  on  a  Resultant 
plane  surface,  when  the  pressure  is  uniform.     We  may  now  apianearea. 
consider  briefly  the  resultant  pressure  on  a  plane  area  Avhen 

the  pressure  varies  from  point  to  point,  confining  our  attention 
to  a  case  of  great  importance; — that  in  which  gravity  is  the 
only  applied  force,  and  the  fluid  is  a  nearly  incompressible 
liquid  such  as  water.  In  this  case  the  determination  of  the 
position  of  the  Centre  of  Pressure  is  very  simple ;  and  the 
whole  pressure  is  the  same  as  if  the  plane  area  were  turned 
about  its  centre  of  inertia  into  a  horizontal  position. 

The  pressure  at  any  point  at  a  depth  z  in  the  liquid  may  be  Kinetic 
expressed  by  p  =  pz+p,  v^g^Hp. 

where  p  is  the  (constant)  density  of  the  liquid,  and  p^  the  (atmo- 
spheric) pressure  at  the  free  surface,  reckoned  in  units  of  weight 
per  unit  of  area. 

Let  the  axis  of  x  be  taken  as  the  intersection  of  the  plane 
of  the  immersed  plate  with  the  free  surface  of  the  liquid,  and 
that  of  y  perpendicular  to  it  and  in  the  plane  of  the  plate.     Let 
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llesultant 
pressure  on 
a  plane 
area. 


Loss  of 
apiiaront 
weiKlit  by 
immersion 
in  a  fluid. 


a  be  the  inclination  of  the  plate  to  the  verticitl.     Let  also  A  be 
the  area  of  the  portion  of  the  plate  cousidered,  and  4,  y,  the  co- 
ordinates of  its  centre  of  inertia. 
Then  the  whole  pressure  is 

jjpdxdy  =  //(p„  +  py  cos  a)  dxdy 
=  Ap^  +  Apy  cos  a. 

The  moment  of  the  pressure  about  the  axis  of  a;  is 
jjpydxdy  =  ApJ/  +  Ak'p  cos  a, 

k  being  the  radius  of  gyration  of  the  plane  area  about  the  axis 
of  X. 

For  the  moment  about  y  we  have 

JJpxdxdy  =  Ap^£  +  p  cos  a  jjxydxdy. 
The  first  terms  of  these  three  expressions  merely  give  \\s  again 
the  results  of  §  746;  we  may  therefore  omit  them.  This  will  be 
equivalent  to  introducing  a  stratum  of  additional  liquid  above  the 
free  surface  such  as  to  produce  an  equivalent  to  the  atmospheric 
piessure.  If  the  origin  be  now  shifted  to  the  upper  surface  of 
this  stratum  we  have 

Pressure  =  Apy  cos  o, 

Moment  about  Ox  =  Ak^p  cos  a, 

A* 
Distance  of  centre  of  pressure  from  axis  of  x  =  — . 

But  if  A,  be  the  radius  of  gyration  of  the  plane  area  about  a 
horizontal  axis  in  its  plane,  and  passing  through  its  centre  of 
inertia,  we  have,  by  §  283,  k^  =  k*  +  y*. 

Hence  the  distance,  measured  panillel  to  the  axis  of  y,  of  the 

contre  of  pressure  from  the  centre  of  inertia  is  A-j^y;  and,  as  we 

might  expect,  diminishes  as  the  plane  area  is  more  and  more 

submerged.     If  the  plane  area  be  turned  about  the  line  through 

its  centre  of  inertia  parallel  to  the  axis  of  x,  this  distance  varies 

as  the  cosine  of  its  inclination  to   the  vertical;  supposing,  of 

course,  that  by  the  rotation  neither  more  nor  less  of  the  plane 

area  is  submerged. 

762.     A  body,   wliolly  or  partially   immersed   in   any  fluid 

iiiHuenced  by  gravity,  loses,  through  fluid  pressure,  in  apparent 

weight  an  amount  equal  to  the  weight  of  the  fluid  di.splaced. 

For  if  the  body  were  removed,  and  its  place  filled  with  fluid 

homogeneous  with  the  surrounding  fluid,  there  would  be  equi- 
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librium.  even  if  this  fluid  be  supposed  to  become  rigid.     And  Loss  of 

..,,.,     apparent 

the  resultant  of  the  fluid  pressure  upon  it  is  therefore  a  single  weight  by 

1  1  ^  ^  o       immersion 

force  equal  to  its  weight,  and  in  the  vertical  line  through  its  in  a  fluid, 
centre  of  gravity.  But  the  fluid  pressure  on  the  originally 
immersed  body  was  the  same  all  over  as  on  the  solidified  portion 
of  fluid  by  which  for  a  moment  we  have  imagined  it  replaced, 
and  therefore  must  have  the  same  resultant.  This  proposition 
is  of  great  use  in  Hydronietry,  the  determination  of  specific 
gravity,  etc.  etc. 

Analytically,  the  following  demonstration  is  of  interest, 
especially  in  its  analogies  to  some  preceding  theorems,  and 
others  which  occur  in  electricity  and  magnetism. 

If  V  be  the  potential  of  the  impressed  forces,  —dV/dx  is  the 
force  pai-allel  to  the  axis  of  x  on  unit  of  matter  at  xyz,  and 
pdxdydz  is  the  mass  of  an  element  of  the  fluid,  and  therefore  the 
whole  force  parallel  to  the  axis  of  a  on  a  mass  of  fluid  substituted 
for  the  immersed  body,   is  represented   by  the  triple  integral 


-/// 


dV 
p  -^dxdydz  taken  through  the  whole  space  enclosed  by  the 

\XtjC 


surface.     But,  by  §  752, 

dx  dx' 

Hence  the  triple  integral  becomes 

fdp 


Hi 


dxdydz  =  jjpdydz 


extended  over  the  whole  surface. 

Let  dS  be  an  element  of  any  surface  at  x,  y,  z;  X,  /a,  v  the 
direction-cosines  of  the  normal  to  the  element;  p  the  pressure  in 
the  fluid  in  contact  with  it.  The  whole  resolved  pressure  parallel 
to  the  axis  of  a;  is  F^  =  Jj'XpdS 

=  jipdydz, 

the  same  expression  as  above. 

The  couple  about  the  axis  of  z,  due  to  the  applied  forces  on 
any  fluid  mass,  is  (§  559)  ^dm  {Xy  -  Yx),  dm  representing  the 
mass  of  an  element  of  fluid. 

This  may  be  written  in  the  form 

^..    ^   ^  ^    /    dV        dV\ 
..j)lpdxdydz[^y^-x-^), 

the  integral  being  taken  throughout  the  mass. 
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This  is  evidently  equal  to 

dp 


Lemma. 


=  jjpydydz  —  jjpxdzdx 

which  is  the  couple  due  to  surface-pressure  alone. 

763.  The  following  lemma,  while  in  itself  interesting,  is  of 
great  use  in  enabling  us  to  simplify  the  succeeding  investigations 
regarding  the  stability  of  equilibrium  of  floating  bodies: — 

Let  a  homogeneous  solid,  the  weight  of  unit  of  volume  of 
which  we  suppose  to  be  unity,  be  cut  by  a  horizontal  plane 

in  XYX'T.  Let  0  be  the 
centre  of  inertia,  and  let  XX', 
YY'  be  the  principal  axes,  of 
this  area. 

Let  there  be  a  second  plane 
section  of  the  solid,  through 
YY',  inclined  to  the  first  at 
an  infinitely  small  angle,  0. 
Then  (1)  the  volumes  of  the 
two  wedges  cut  from  the  solid  by  these  sections  are  equal ; 
(2)  their  centres  of  inertia  lie  in  one  plane  perpendicular  to 
YY';  and  (3)  the  moment  of  the  weight  of  each  of  these, 
round  YY',  is  equal  to  the  moment  of  inertia  about  it  of  the 
corresponding  portion  of  the  area,  multiplied  by  d. 

Take  OX  OY  as  axes,  and  lot  6  be  the  angle  of  the  wedge: 
the  thickness  of  the  wedge  at  any  point  P  (x,  y)  is  6x,  and  the 
volume  of  a  right  prismatic  portion  whose  base  is  the  elementary 
area  dxdy  at  7*  is  Oxdxdy.  Now  let  []  and  ()  be  employed  to 
distinguish  integrations  extended  over  the  portions  of  area  to 
the  right  and  left  of  the  axis  of  y  respectively,  while  intcgnils 
over  the  whole  area  have  no  such  distinguishing  mark.  Let 
a  and  a  be  these  areas,  v  and  v  the  volumes  of  the  wedges; 
(*>  y),  (*'i  y)  the  co-ordinates  of  their  centres  of  inertia.  Then 
v=6\j  fxdxdy]  =  axO 
-v'  =  e  (Jjxdxdy)  =  a  £'6, 
whence  v -v  ^Ojjxdxdy  =0  since  0  is  the  centre  of  inertia. 
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Hence  tJ  =  t;',  which  is  (1).  Lemma. 

Again,  taking  moments  about  XX' , 

vy  =  6  \JJxi/dxdi/'\, 
and  —  v'y  —  6  {j jxydxdy). 

Hence  vy  —  v'y'  =  6  JJxydxdy. 

But   for   a   principal   axis   (§    281)    1,xydm   vanishes.       Hence 
vy—v'y~(),  whence,  since  v  =  v',  we  have^  =  ^',  which  proves  (2). 

And  (3)  is  merely  a  statement  in  words  of  the  obvious  equation 

[jjx.xOdxdy]  =  6  \jjx'dxdy]. 

764.  If  a  positive  amount  of  work  is  required  to  produce  stability  of 

•ii-r-i  iiTi  c        ■^       ^        c  equilibrium 

any  possible  mriuitely  small  displacement  ot  a  body  irom  aofafloatiug 
position  of  equilibrium,  the  equilibrium  in  this  position  is 
stable  (§  291).  To  apply  this  test  to  the  case  of  a  floating 
body,  we  may  remark,  first,  that  any  possible  infinitely  small 
displacement  may  (§§  26,  95)  be  conveniently  regarded  as  com- 
pounded of  two  horizontal  displacements  in  lines  at  right  angles 
to  one  another,  one  vertical  displacement,  and  three  rotations 
round  rectangular  axes  through  any  chosen  point.  If  one  of 
these  axes  be  vertical,  then  three  of  the  component  displace- 
ments, viz.  the  two  horizontal  displacements  and  the  rotation 
about  the  vertical  axis,  require  no  work  (positive  or  negative), 
and  therefore,  so  far  as  they  are  concerned,  the  equilibrium  is 
essentially  neutral.  But  so  far  as  the  other  three  modes  of 
displacement  are  concerned,  the  equilibrium  may  be  stable,  or 
may  be  unstable,  or  may  be  neutral,  according  to  the  fulfilment 
of  conditions  which  we  now  proceed  to  investigate. 

765.  If,  first,  a   simple    vertical   displacement,   downwards  Vertical  dis- 

,     .       ,  .  .  .        placements. 

let  us  suppose,  be  made,  the  work  is  done  against  an  increasing 
resultant  of  upward  fluid  pressure,  and  is  of  course  equal 
to  the  mean  increase  of  this  force  multiplied  by  the  whole 
space.  If  this  space  be  denoted  by  z,  the  area  of  the  plane  of 
flotation  by  A,  and  the  weight  of  unit  bulk  of  tlie  liquid  by  w, 
the  increased  bulk  of  immersiop  is  clearly  Az,  and  therefore 
the  increase  of  the  resultant  of  fluid  pressure  is  wAz,  and  is 
in  a  line  vertically  upward  through  the  centre  of  gravity  of -4. 
The  mean  force  against  which  the  work  is  done  is  therefore 
\wAz,  as  this  is  a  case  in  which  work  is  done  against  a  force 

VOL.  II.  21 
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Work  donp  increasing  from  zero  in  simple  proportion  to  the  space.  Hence 
dispmoe-  the  work  done  is  ^wAz'.  We  see,  therefore,  that  so  far  as 
vertical  displacements  alone  are  concerned,  the  equilibrium  is 
necessarily  stable,  unless  the  body  is  wholly  immersed,  when 
the  area  of  the  plane  of  flotation  vanishes,  and  the  equilibrium 
is  neutral. 

Dispiwo-  766.     The  lemma  of  §  763  suggests  that  we  should  take,  as 

rotation  the  two  horizontal  axes  of  rotation,  the  principal  axes  of  the 

axis  in  the  plane  of  flotation.     Considering  then  rotation  through  an  in- 

flntnfir.n.  finitely  small  angle  d  round  one  of  these,  let  G  and  E  be  the 


di.splaced  centres  of  gravity  of  the  solid,  and  of  the  portion 
of  its  volume  which  was  immersed  when  it  was  floating  in 
equilibrium,  and  0',  E  the  positions  which  they  then  had ; 
all  projected  on  the  )>laue  of  the  diagram  which  we  suppose  to 
be  through  /  the  centre  of  inertia  of  the  plane  of  flotation. 
The  resultant  action  of  gravity  on  the  displaced  body  is  W,  its 
Weight,  acting  downwaids  through    O ;   and  that  of  the  fluid 
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pressure  on  it  is  W  upwards  through  E  corrected  by  the  amount  Dispiace- 
(upwards)  due  to  the  additional  immersion  of  the  wedge  ^Zi4',  rotation^ 
and  the  amount  (downwards)  due  to  the  extruded  wedge  B'IB.  '"^^^^f^^^ 
Hence  the  whole  action  of  gravity  and  fluid  pressure  on  the  flt^'ation. 
displaced  body  is  the  couple  of  forces  up  and  down  in  verticals 
through  G  and  E,  and  the  correction  due  to  the  wedges.  This 
correction  consists  of  a  force  vertically  upwards  through  the 
centre  of  gravity  of  A'lA,  and  downwards  through  that  of  BIB'. 
These  forces  are  equal  [§  763  (1)],  and  therefore  constitute  a 
couple  which  [§  763  (2)]  has  the  axis  of  the  displacement  for 
its  axis,  and  which  [§  763  (3)]  has  its  moment  equal  to  Owk^A, 
if  A  be  the  area  of  the  plane  of  flotation,  and  k  its  radius  of 
gyration  (§  281)  round  the  principal  axis  in  question.  But 
since  GE,  which  was  vertical  (as  shown  by  G'E')  in  the  position 
of  equilibrium,  is  inclined  at  the  infinitely  small  angle  6  to  the 
vertical  in  the  displaced  body,  the  couple  of  forces  W  in  the 
verticals  through  G  and  E  has  for  moment  Whd,  if  h  denote  GE ; 
and  is  in  a  plane  perpendicular  to  the  axis,  and  in  the  direction 
tending  to  increase  the  displacement,  when  G  is  above  E. 
Hence  the  resultant  action  of  gravity  and  fluid  pressure  on  the 
displaced  body  is  a  couple  whose  moment  is 

{wAk'^  -  Wh)  6,  or  w  (Ak'  -  Vh)  6, 

if  V  be  the  volume  immersed.  It  follows  that  when  A}c^>  Vh 
the  equilibrium  is  stable,  so  far  as  this  displacement  alone  is 
concerned. 

Also,  since  the  couple  worked  against  in  producing  the  dis- work  done 
placement   increases   from   zero    in   simple   proportion   to   the  placement 
angle  of  displacement,  its  mean  value  is  half  the  above;  and 
therefore  the  whole  amount  of  work  done  is  equal  to 

Iw  {Ak'  -  Vh)  6\ 
767.     If  now  we  consider  a  displacement,  compounded  of  a  General  dis- 

'■  I'll    placement. 

vertical  (downwards)  displacement  2,  and  rotations  through 
infinitely  small  angles  0,  6'  round  the  two  horizontal  principal 
axes  of  the  plane  of  flotation,  we  see  (§§  765,  766)  that  the  workre- 

r  ^  '  \<j<-'  quired. 

work  required  to  produce  it  is  equal  to 

\iu  [Az^  +  {Ak'  -  Vh)  6'  +  (Ak"  -  F/i)  6''] , 

21—2 
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Conditions   and  we  conclude  that,  for  complete  stability  with  reference  to 
all   possible   displacements  of  this  kin<l,  it  is    neces!>ary   and 

A  Ic^  A  A*'* 

suflBcient  that  h  <  ^^  ,  and  <— yf- 

Themeta-        768.     When  the  displacement  is  about  any  axis  throu<'h  the 

centre.  .  .  .  . 

Condition  of  Centre  of  inertia  of  the  plane  of  flotation,  the  resultant  of  fluid 
ence^"*'  pressure  is  equal  to  the  weight  of  the  body ;  but  it  is  only 
when  the  axis  is  a  principal  axis  of  the  plane  of  flotation  that 
this  resultant  is  in  the  plane  of  displacement.  In  such  a  case 
the  point  of  intersection  of  the  resultant  with  the  line  originally 
vertical,  and  through  the  centre  of  gravity  of  the  body,  is  called 
the  Metacentre.  And  it  is  obvious,  from  the  above  investiga- 
tion, that  for  either  of  these  planes  of  displacement  the  con- 
dition of  stable  equilibrium  is  that  the  metacentre  shall  be 
ahove  the  centre  of  gravity. 

769.  The  spheroidal  analysis  with  which  we  propose  to 
conclude  this  volume  is  proper,  or  practically  successful,  for 
hydrodynaniic  problems  only  when  the  deviations  from  spheri- 
cal symmetry  are  infinitely  small ;  or,  practically,  small  enough 
to  allow  us  to  neglect  the  squares  of  ellipticities  (§  801);  or, 
which  is  the  same  thing,  to  admit  thoroughly  the  principle  of 
the  superposition  of  disturbing  forces,  and  the  deviations  pro- 
duced by  them.  But  we  shall  first  consider  a  case  which 
admits  of  very  simple  syntiietical  solution,  without  any  re- 
striction to  approximate  sphericity ;  and  for  which  the  follow- 
ing remarkable  theorem  was  discovered  by  Newton  ami 
Mnclnurin  :  — 

A  homo-  770.     An  oblate  ellip.soid  of  revolution,  of  any  given  eccen- 

efn^dit  tricity,  is  a  figure  of  equilibrium  of  a  mass  of  homogeneous 
eqiuhbrium  incompros.'^ible  fluid,  rotating  about  an  axis  with  determinate 
Hquidmal.-^  angular  velocity,  and  subject  to  no  forces  but  those  of  gravitation 

among  its  parts. 

The  angular  velocity  for  a  given  eccentricity  is  independent 

of  the  bulk  of  the  fluid,  and  proportional  to  the  square  root  of 

its  density. 

771.     The  proof  of  these  propositions  is  easily  obtained  from 
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the  results  already  deduced  with  respect  to  the  attraction  of  an  a  homo 

trGn60US 

ellipsoid  and  the  properties  of  the  free  surface  of  a  fluid  as  ellipsoid  is 

•^  ■"■       ■*■  a  fitcure  of 

follows  : equilibrium 

of  a  rotating 

We  know,  from  §  522,  that  if  APB  be  a  meridional  section  "'^"^'^  ■""'*''• 
of  a  homogeneous  oblate  spheroid,   OC  the  polar  axis,  OA  an 
equatorial  radius,  and  P  any  point  on  the  surface,  the  attraction 
of  the  spheroid  may  be  resolved  iuto  two  components;  one,  Pjy, 
perpendicular   to    the 
polar  axis,  and    vary- 
ing   as    the    ordinate 
PM ;    the    other,   Ps, 
parallel    to    the    polar 
axis,    and    varying   as 
PN.      These    compo- 
nents   are    not   equal 
when  MP  and  PN  are 
equal,  else  the  result- 
ant  attraction   at    all 
points  in   the   surface 

would  pass  through  0 ;  whereas  we  know  that  it  is  in  some 
such  direction  as  Pf,  cutting  the  radius  OA  between  0  and  A, 
but  at  a  point  nearer  to  0  than  n  the  foot  of  the  normal  at  P. 

Let  then  Pp  =  a.  PM, 

and     Ps  =  <y  .  PN, 
where  a  and  7  are  known  constants,  depending  merely  on  the 
density,  (p),  and  eccentricity  (e),  of  the  spheroid. 

Also,  we  know  by  geometry  that  Nn  =  (1  —  e")  ON. 

Hence ;  to  find  the  magnitude  of  a  force  Pq  perpendicular 
to  the  axis  of  the  spheroid,  which,  when  compounded  with  the 
attraction,  v;ill  bring  the  resultant  force  into  the  normal  Pn : 
make  pr  =  Pq,  and  we  must  have 


Pr     Nn 


ON 


y.Pp 


Hence 


Pp-Pq  =  {\-e^)\Pp, 
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A  liomo-  (  .  2    'y)     r> 

ttttieous       or  Pq  =  \\  —  \i  —  e  )  - r  Pp 

ellipsoid  is  ■*  a) 

a  fljrure  of  ^ 

^a'rotaU^B  =  (a  -  (1  -  c')  7}  Pil/. 

liquid  mass. 

Now  if  the  spheroid  were  to  rotate  with  angular  velocity  a> 
about  OC,  the  centrifugal  force  (§§  32,  35a,  259),  would  be  in 
the  direction  Pq,  and  would  amount  to  co^PM. 

Hence,  if  we  make       o)"  =  a  —  (1  —  e""j  7 [l)  ; 

the  whole  force  on  P,  that  is.  the  resultant  of  the  attraction 
and  centrifugal  force,  will  be  in  the  direction  of  the  norniril  to 
the  surface,  which  is  the  condition  for  the  free  surface  of  a  mass 
of  fluid  in  equilibrium. 


Now,  §  527  (31)*,  7  =  47rpl±/^  (/-  tan^/) 


a  =  2./-;./-(tan-V-^-^)J 


••(2). 


Hence  by  (1)  a,=  =  ^^  {(3 +7^)  tan"'/- 3/}  (3). 

Thestiuare  This  determines  the  angular  velocity,  and  proves  it  to  be  pro- 
of a  requi-  ..       i  .       / 

site  angular  portional  tO   ^p. 
velocity  is 

"v'ouhc'  When  e,  and  therefore  also  /   is  small,  this  formula  is  most 
liquid.         easily  calculated  from 


0)' 


=  A/'-^/'  +  etc (4), 


27r/3 

of  which  the  first  term  is  sufficient  when  we  deal  with  spheroids 
so  little  oblate  as  the  earth. 

772.  The  following  table  has  been  calculated  by  means  of 
these  simplified  formula".  The  last  figure  in  each  of  the  four 
last  columns  is  given  to  the  nearest  unit.  The  two  last  columns 
will  be  e.xplained  in  §§  775,  77«3. 

From  this  we  see  that  the  value  of  (o^I'lirp  increases  gradually 
from  zero  to  a  maximum  as  the  eccentricity  e  rises  from  zero  to 

•  Remark  that  the  "«"  of  §  527  is  not  the  eccentricity  of  the  oblate 
Bpheroid  which  we  now  denote  by  *,  and  that  with  /  as  there  and  e  as  here  we 
have  l-e-  =  l/(l+/3). 
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about  093,  and  then  (more  quickly)  falls  to  zero  as  the  eccen-  Tabieofcor 

responding 


u. 


111. 


IV. 


see  §  775. 

see  §  776. 

Rotational  period,  in 

m2_(1+/2)S«2 

k              27r/3 " 
where  n  is  mo- 
ment of  momeu- 

ttim    and  h  a. 

eccentri- 
city e  = 

//V(i+/^) 

/= 

w2 

2irp 

mean  solar  seconds, 

for  case  of  density 

equal  to  Earth's 

mean  density. 

nil  III,     uXXU     /V  ,tM 

constant*. 

0 

0 

0 

00 

0 

0-093 

•0934 

•0023 

86,164 

•0023 

•1 

•1005 

•0027 

79,966 

•0027 

•2 

•2041 

•0107 

39,397 

•0110 

•3 

•3145 

•0243 

26,495 

•0258 

•4 

•4365 

•0436 

19,780 

•0490 

•5 

•5774 

-0690 

15,730 

•0836 

•6 

•7502 

•1007 

13,022 

•1356 

•7 

•9804 

•1387 

11,096 

•2172 

•8 

1-3333 

•1816 

9,697 

•3588 

•8127 

1^3946 

•1868 

9,561 

•8838 

•9 

2-0648 

•2203 

8,804 

•6665 

•91 

2-1949 

•2225 

8,759 

•7198 

•92 

2-3474 

•2241 

8,729 

•7813 

•93 

2-5304 

•2247 

8,718 

•8533 

•94 

2-7556 

■2239 

8,732 

•9393 

•95 

3-0423 

•2213 

8,783 

1-045 

•96 

3-4282 

•2160 

8,891 

1-179 

•97 

3-9904 

•2063 

9,098 

1-350 

•98 

4-9261 

•1890 

9,504 

1^627 

•99 

7-0175 

•1551 

10,490 

2-113 

1-00 

00 

0-0000 

00 

00 

values  of 
ellipticities 
and  angular 
velocities. 


tricity  rises  from  0"93  to  unity.     The  values  of  the  other  quan- 
tities corresponding  to  this  maximum  are  given  in  the  table. 

773.  If  the  angular  velocity  exceed  the  value  calculated  from 

=  0-2247 (5), 


0) 


when  for  p  is  substituted  the  density  of  the  liquid,  equilibrium 
is  impossible  in  the  form  of  an  ellipsoid  of  revolution.  If  the 
angular  velocity  fall  short  of  this  limit  there  are  always  two 
ellipsoids  of  revolution  which  satisfy  the  conditions  of  equi- 
librium. In  one  of  these  the  eccentricity  is  greater  than  093, 
in  the  other  less. 

*  Calculated  from  the  mass  and  density,  by  the  formula 


'~5'  Up 


,y- 
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Menu  den.  774.  It  may  be  useful,  for  special  applications,  to  indicate 
e«nhex;^  briefly  how  p  is  measured  in  these  formuhe.  In  the  definitions 
iittraction    of  SS  459.   460.   on   which   the   attraction  formulae  are  based, 

units.  »:>  >  '  .  .       „ 

unit  mass  is  defined  as  exertmg  unit  force  on  unit  mass  at 
unit  distance  ;  and  unit  volume-density  is  that  of  a  body  which 
has  unit  mass  in  unit  volume.  Hence,  with  the  foot  as  our 
linear  unit,  we  have  for  the  eaith's  attraction  on  a  particle  of 
unit  mass  at  its  surface 

where  R.h  the  radius  of  the  earth  (supposed  spherical)  in  feet; 
and  <T  its  mean  density,  expressed  in  terms  of  the  unit  just 
defined. 

Taking  20,900,000  feet  as  the  value  of  B,  we  have 

o- =  0-000000368  =  3-68  X  lO"' (6). 

As  the  mean  density  of  the  earth  is  about  oo  times  that  of 
water,  §  479,  the  density  of  water  in  terms  of  our  present  unit  is 

^10-^  =  07xlO-«. 

00 

Time  of  775.    The  fourth  column  of  the  table  above  gives  the  time  of 

spherorucf  rot<ation  in  seconds,  corresponding  to  each  value  of  the  eccen- 
rridty**^'*"  ti'icity,  p  bcing   assumed   equal    to   the   mean   density  of  the 
earth.     For  a  mass  of  water  these  numbers  must  be  multiplied 
by  V^O,  as  the  time  of  rotation  to  give  the  same  figure  is  in- 
versely as  the  square  root  of  the  density. 

For  a  homogeneous  lii^uid  mass,  of  the  earth's  mean  density, 
rotfiting  in  23''  50™  4*,  we  find  c  =  0093,  which  corresponds  to 
an  ellipticity  of  about  ^^. 


Mass  and         776.     Ah   interesting  form  of  this  problem,  also  discussed  by 

ItlOITlOIit  if  ,  •  1  •  1    •     1  1  1'  i  J      xl_ 

mc.iucntuni   Lapuice,  IS  that  in  which  the  moment  ot  momentum  and  the 

given.         mass  of  the  fluid  are  given,  not  the  angular  velocity ;  and  it  is 

required  to  find  what  is  the  eccentricity  of  the  corresponding 
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ellipsoid  of  revolution,  the  result  proving   that   there  can  be  Mass  and 

V  moment  of 

but  one.  momentum 

of  fluid 

Calling  M  the  mass,  and  fx  the  moment  of   momentum,  we  ^'^''^°* 
have 

M=^'^pc\\^r-) (7). 

and  />i  =  |J/c-(l+/=)w ..(8). 

These  equations,  with  (3)  determine  c,  f,  and  w,  for  any  given 
vahies  of  J/  and  p.  Eliminating  c  and  w  from  (8)  by  (7)  and 
(3),  we  find 

It  is  by  this  formula,  that  Col.  v.  of  the  table  of  §  772  has 
been  calculated.  The  result  shows  that  for  any  given  value  of 
yu,,  the  moment  of  momentum,  there  is  one  and  only  one  value 
of/ 

777.  It  is  evident  that  a  mass  of  any  ordinary  liquid  (not 
a  perfect  jiuid,  §  742),  if  left  to  itself  in  any  state  of  motion, 
must  preserve  unchanged  its  moment  of  momentum  (§  235). 
But  the  viscosity,  or  internal  friction  (§  742),  will,  if  the  mass 
remain  continuous,  ultimately  destroy  all  relative  motion 
among  its  parts ;  so  that  it  will  ultimately  rotate  as  a  rigid 
solid.  We  have  seen  (§  776),  that  if  the  final  form  be  an  ellip- 
soid of  revolution,  there  is  a  single  definite  value  of  its  eccen- 
tricity. But,  as  it  has  not  yet  been  discovered  whether  there 
is  any  other  form  consistent  with  stable  equilibrium,  we  do  not 
know  that  the  mass  will  necessarily  assume  the  form  of  this 
particular  ellipsoid.  Nor  in  fact  do  we  know*  whether  even 
the  ellipsoid  of  rotation  may  not  become  an  wistahle  form  if 
the  moment  of  momentum  exceed  some  limit  depending  on  the 
mass  of  the  fluid.  We  shall  return  to  this  subject  in  Vol.  Ii., 
as  it  affords  an  excellent  example  of  that  difficult  and  delicate 
question  Kinetic  Stability  (§  346).     [See  §  778  below.] 

*  The  present  tense  in  this  sentence  relates  to  fifteen  years  ago.     We  now 
(Jan.   1882)  know  that  the  ellipsoid  of  revolution  is  unstable  for  moment  of 

6         1 

momentum  exceeding  some  definite  multiple  of  M^/p^ ;  or,  which  comes  to  th^ 
same,  the  figure  is  unstable  with  eccentricity  exceeding  some  definite  amount. 
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Equilibrium      778.     No   oue   seems  yet  to  have  attempted   to   solve  the 
three  iin-     freneral  problem  of  findino:  all  the  forms  of  equilibrium  which  a 

equal  axes.     »  ^f  .       °  •,  i      /i     •  j  •  •   i  -c 

mass  of  homogeneous  incompressible  tluid  rotating  with  unitorm 
angular  velocity  may  assume.  Unless  the  velocity  be  so  small 
that  the  figure  differs  but  little  from  a  sphere  (a  case  which 
will  be  carefully  treated  later),  the  problem  presents  difficulties 
of  an  exceedingly  formidable  nature.  It  is  therefore  of  some 
importance  to  show  by  a  synthetical  process  that  besides  the 
ellipsoid  of  revolution,  there  is  an  ellipsoid  with  three  unequal 
axes,  which  is  a  figure  of  equilibrium  when  the  moment  of  mo- 
mentum is  great  enough.  This  curious  theorem  was  discovered 
by  Jacobi  in  1834,  and  seems,  simple  as  it  is,  to  have  been 
enunciated  by  him  as  a  challenge  to  the  French  mathematicians* 
The  following  proof  was  given  by  Archibald  Smith  in  the  second 
number  of  the  Cambridge  Mathematical  Journal^. 

The  coin2)onents  of  the  attraction  of  a  honiogeueous  ellipsoid, 
whose  semi-axes  are  a,  6,  c,  ou  a  point  {x,  y,  z)  at  its  surface, 
found  in  §  526  above,  may  be  written  Ax,  By,  Cz,  where 

^      Jo  («'+«)^  "     ^0  (A'+u)^)'  -      Jo  {c*  +  u)D 

where  2)  =  (a*  +  n)^  (6*  +  m)^  (c'  +  u)^. 

If  the  ellipsoid  revolve,  with  angular  velocity  w,  about  the 
axis  of  s,  the  components  of  the  centrifugal  force  are  w'a;,  w'y,  0. 
Hence  the  components  of  the  whole  re.>,ultaut  of  gravity  and 
centrifugal  force  on  a  particle  at  (x,  y,  z)  are 

(.•1  -  <u»)  X,  {B  -  i^'}  y,  Cz. 

But  the  direction-cosines  of  the  normal  to  the  surface  of  the 
ellipsoid  at  (x,  y,  z),  are  proportional  to 

X      y      z 
^'    6''    ?' 

and,  for  equilibrium,  the  resultant  force  must  be  perpendicular 
to  the  free  surface.      Hence 

a'{A  -<o')^b'{B-to')  =  c'C (2). 

•  See  a  Paper  by  Liouville,  Journal  de  VEcole  Polytechniquf,  cahier  xmi. 
foot-note  to  p.  290. 

t  Cambridge  Math.  Journal,  Feb.  1838, 
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These  equations  give  Equilibrium 

^  ^  ellipsoid  of 

a'lj'{A-B)  +  {a'-¥-)c'C==0 (3),      ^^l^i^es. 

and  w  = — 5 — p— \.*;, 

which,  with  A,  B,  G  eliminated  by  (1),  become 

^-^fi/f,.^  :t  ,n (6)- 


and  ft) 


The  first  factor  of  (5)  equated  to  zero,  gives  a  =  b,  and  (6)  gives 
the  angular  velocity  for  any  assumed  ratio  of  c  to  a  :  thus  we 
fall  back  on  the  solution  by  an  ellipsoid  of  revolution  worked 
out  in  §  771  above. 

Another  solution  is   found  by  equating  the  second  factor  of 
(5)  to  zero.     This  equation  which  is  equivalent  to 
rudio/l        1        1         w  \ 

1  -^K«^^F-7-*-^0=^ ^^^' 

may  be  regarded  as  an  equation  to  determine  c'  for  any  given 
values  of  a  and  b.  It  has  obviously  one  and  only  one  real 
positive  root;  which  is  proved  by  remarking,  that  while  u  in- 
creases from  zero  to  infinity,  u/D^  decreases  continually  to  zero, 
and  the  last  factor  under  the  integral  sign  continuously  increases, 
only  reaching  a  positive  value  for  infinitely  great  values  of  to 
when  c  is  zero,  and  being  positive  for  all  values  of  u  when 
l/c*  =  or  <  l/a*+ 1/6^ :  and  that,  for  any  constant  value  of  u, 
the  last  factor  increases  with  increase  of  c*.  As  every  element 
of  the  integral  is  positive  when  l/c'  =  or  <  l/a*  + 1/6*  and  as 
we  may  write  this  inequality  as  follows,  c^  =  or  >  67(1  +  b'/a'), 
we  see  that  if  c  =  or  <  the  less  of  a,  or  b,  every  element  of  the 
integral  is  positive,  and  we  infer  that  the  root  c  is  less  than  the 
least  of  a  or  b. 

778'-  The  solution  of  (7)  for  the  case  of  a  =  6  is  particularly 
interesting.  It  will  be  interpreted  and  turned  to  account  in 
§  778".  It  is  the  case,  and  obviously  the  only  case,  in  which  (5), 
regarded  as  an  equation  for  determining  any  one  of  the  quanti- 
ties, a^,  b',  G*  in  terms  of  the  two  others,  has  equal  positive  roots. 
In  this  case  the  integral   forming  the  first  member  of  (7)  is 
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Equilibrinm  reducible  from  the  elliptic  function  required  to  express  it  when 

tli'^e  un-''^  a  is  not  equal  to  6,  to  a  formula  involving  no  other  transcendent 

equal  aiea.  ^-^^^    ^^  inverse  circular  function.     The  reduction   is   readily 

performed  by  aid  of  the  notation  of  §  527  (22),  where  however 
a  stood  for  what  we  now  denote  by  c.  It  is  to  be  noted  also 
that  the  <?  of  §  527  is  now  zero,  because  the  point  we  are  now 
considering  is  on  the  surface  of  the  ellipsoid.  The  resulting 
transcendental  equation  equivalent  to  (7)  may,  if,  as  in  §  527 
(28),  we  put 

/-y^' ^^^' 

be  written  as  follows, 

tan-'/         l*'-if 

-J-'TTWrVr '''■ 

When  f  is  increased  continuously  from  zero  to  infinity  the  left- 
hand  member  of  this  equation  diminishes  continuously  from 
unity  to  zero :  the  right-hand  member  diminishes  also  from 
unity  to  zero,  but  diminishes  at  first  less  rapidly  and  afterwartls 
more  rapidly  than  the  other.  Thus  there  is  one  and  only  one 
root,  which  by  trial  and  error  we  find  to  be 

/=  1-39457. 
Some  numerical  particulars  relating  to  this  case  are  inserted  in 
the  Table  of  §  772,  as  amended  for  the  present  edition. 

General  778'.     During   the  fifteen   years   which    have    passed  since 

TOtii'tinK  °  the  publication  of  our  first  edition  we  have  never  abandoned 
iqui  mass.  ^^^  problem  of  the  equilibrium  of  a  finite  mass  of  rotating 
incompressible  fluid.  Year  after  year,  questions  of  the  multi- 
plicity of  possible  figures  of  equilibrium  have  been  almost  in- 
cessantly before  us,  and  yet  it  is  only  now,  under  the  compulsion 
of  finishing  this  second  edition  of  the  second  part  of  our  first 
volume,  with  hope  for  a  second  volume  abandoned,  that  we 
have  succeeded  in  finding  anything  approaching  to  full  light  on 
the  subject. 

stability  (a)     The  oblate  ellipsoid  of  revolution  is  proved  by  §  77G  and 

"biiiiyof      by  the  table  of  §  772  to  be  stable,  if  the  condition  of  being  an 
spheroid  of  ellipsoid  of  revolution  be  imposed.     It  is  obviously  not  stable 

revolution.  .....  i-iii  j- 

for  very  great  eccentricities  without  this  double  condition  ot 
being  both  a  figure  of  revolution  and  ellipsoidal. 
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(b)  If  the  condition  of  being  a  fio^ure  of  revolution  is  ini-  Annular 
T)Osed,  without  the  condition  of  being  an  elhpsoid.  there  is,  for  probably 
large  enough  moment  of  momentum,  an  annular  figure  of  equi- 
librium which  is  stable,  and  an  ellipsoidal  figure  which  is  un- 
stable.    It  is  probable,  that  for  moment  of  momentum  greater 

than  one  definite  limit  and  less  than  another,  there  is  just  one 
anmtlar  figure  of  equilibrium,  consisting  of  a  single  Hng. 

(c)  For  sufficiently  large  moment  of  momentum  it  is  certain 
that  the  liquid  may  be  in  equilibrium  in  the  shape  of  two,  three, 
four  or  more  separate  rings,  with  its  mass  distributed  among 
them  in  arbitrary  portions,  all  rotating  with  one  angular  velocity, 
like  parts  of  a  rigid  body.  It  does  not  seem  probable  that  the 
kinetic  equilibrium  in  any  such  case  can  be  stable. 

(d)     The  condition  of  being  a  figure  of  revolution  being  still  unless 
imposed,  the   smgle-ring  figure,  when  annular  equilibrium  is  straintto 
possible  at  all,  is  probably  stable.     It  is  certainly  stable  for  very  symmetri- 

f  ,  P    1  "  ^  "^   cal  round 

large  values  ox  the  moment  of  momentum.  an  axis. 

(e)  On  the  other  hand  let  the  condition  of  being  ellipsoidal 
be  imposed,  but  not  the  condition  of  being  a  figure  of  revolution. 
Whatever  be  the  moment  of  momentum,  there  is  one,  and  only 
one  revolutional  figure  of  equilibrium,  as  we  have  seen  in  §  776; 
we  now  add : 

(1)  The  equilibrium  in  the  revolutional  figure  is  stable,  or  instability 

;— g 5^  of  oblate  ' 

unstable,  according  as  f[= |  is  <  or  >  1'39457.  andstabi- 

''  \  C         J  lityof 

Jacobian 

(2)  When  the  moment  of  momentum  is  less  than  that  which  ^^^®' 
makes /=  1-39457  (or    eccentricity  = -81266)    for  the   revolu- 
tional figure,  this  figure  is  not  only  stable,  but  unique. 

(3)  When  the  moment  of  momentum  is  greater  than  that 
which  makes  /=  1'39457  for  the  revolutional  figure,  there  is, 
besides  the  unstable  revolutional  figure,  the  Jacobian  figure 
(§  778  above)  with  three  unequal  axes,  luhich  is  always  stable 
if  the  condition  of  being  ellipsoidal  is  imposed.  But,  as  will  be 
seen  in  (/)  below,  the  Jacobian  figure,  without  the  constraint 
to  ellipsoidal  figure,  is  in  some  cases  certainly  unstable,  though 
it  seems  probable  that  in  other  cases  it  is  stable  without  any 
constraint. 
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{/)     Looking  back  now  to  §  778  and  choosing  the  case  of  a 
a  great  multiple  of  h,  we  see  obviously  that  the  excess  of  h  above 
c  must  in  this  case  be  very  small  in  comparison  with  c.     Thus 
we  have  a  very  slender  ellipsoid,  long  in  the  direction  of  a,  and 
approximately  a  prolate  figure  of  revolution  relatively  to  this 
long  a-axis,  which,  revolving  with  proper  angular  velocity  round 
its  shortest  axis  c,  is  a  figure  of  equilibrium.     The  motion  so 
constituted,  which,  without  any  constraint  is,  in  virtue  of  §  778 
a  configuration  of  minimum  energy  or  of  maximum  energy,  for 
given  moment  of  momentum,  is  a  configuration  of  minimum 
energy  for  given  moment  of  momentum,  subject  to  the  condition 
tfuit  the  shape  is  constrainedly  an  ellipsoid.     From  this  proposi- 
tion, which  is  easily  verified,  in  the  light  of  §  778,  it  follows 
that,  with  the  ellipsoidal  constraint,  the  equilibrium  is  stiible. 
The  revolutional  ellipsoid  of  equilibrium,  with  the  same  moment 
of  momentum,  is  a  very  flat  oblate  spheroid ;  for  it  the  energy 
is  a  minimax,  because  clearly  it  is  the  smallest  energy  that  a 
revolutional  ellipsoid  with  the  same  moment  of  momentum  can 
have,  but  it  is  greater  than  the  energy  of  the  Jacobian  figure 
with  the  same  moment  of  momentum. 

(g)  If  the  condition  of  being  ellipsoidal  is  removed  and  the 
liquid  left  perfectly  free,  it  is  clear  that  the  slender  Jacobian 
ellipsoid  of  (/)  is  not  stable,  because  a  deviation  from  ellipsoidal 
figure  in  the  way  of  thinning  it  in  the  middle  and  thickening  it 
towards  its  ends,  would  with  the  same  moment  of  momentum 
give  less  energy.  With  so  great  a  moment  of  momentum  as  to 
give  an  exceedingly  slender  Jacobian  ellipsoid,  it  is  clear  that 
another  possible  figure  of  equilibrium  is,  two  detached  approxi- 
mately spherical  masses,  rotating  (as  if  parts  of  a  solid)  round 
an  axis  through  their  centre  of  inertia,  and  that  this  figure  is 
stable.  It  is  also  clear  that  there  may  be  an  infinite  number  of 
such  stable  figures,  with  different  proportions  of  the  liquid  in 
the  two  detached  masses.  With  the  same  moment  of  momen- 
tum there  are  also  configurations  of  equilibrium  with  the  liquid 
in  divers  proportions  in  more  than  two  detached  approximately 
spherical  masses. 

(h)     No  configuration  in  more   than  two  detached   masses, 
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has  secular  stability  according  to  the  definition  of   {k)  below,  conflp-ura- 
and  it  is  doubtful  whether  any  of  them,  even  if  undisturbed  by  detached 

1  •         •  1  •  1  •  11  rotating 

viscous  influences,  could  have   true   kinetic   stability :    at   all  masses 

stable. 

events,  unless  approaching  to  the  case  of  the  three  material     - 
points    proved    stable     by    Gascheau    (see     Routh's    "  Rigid 
Dynamics,"  §  475,  p.  881). 

{{)  The  transition  from  the  stable  kinetic  equilibrium  of  a 
liquid  mass  in  two  equal  or  unequal  portions,  so  far  asunder 
that  each  is  approximately  spherical,  but  disturbed  to  slightly 
prolate  figures  (found  by  the  well-known  investigation  of 
equilibrium  tides,  given  in  §  804  below),  and  to  the  more  and 
more  prolate  figures  which  would  result  from  subtraction  of 
energy  without  change  of  moment  of  momentum,  carried  so  far 
that  the  prolate  figures,  now  not  even  approximately  elliptic, 
cease  to  be  stable,  is  peculiarly  interesting.  We  have  a  most 
interesting  gap  between  the  unstable  Jacobian  ellipsoid  when 
too  slender  for  stability,  and  the  case  of  smallest  moment  of 
momentum  consistent  with  stability  in  two  equal  detached 
portions.  The  consideration  of  how  to  fill  up  this  gap  with 
intermediate  figures,  is  a  most  attractive  question,  towards 
answering  which  we  at  present  offer  no  contribution. 

if)  When  the  energy  with  given  moment  of  momentum  is 
either  a  minimum  or  a  maximum,  the  kinetic  equilibrium  is 
clearly  stable,  if  the  liquid  is  perfectly  inviscid.  It  seems 
probable  that  it  is  essentially  unstable,  when  the  energy  is  a 
minimax ;  but  we  do  not  know  that  this  proposition  has  been 
ever  proved. 

(k)  If  there  be  any  viscosity,  however  slight,  in  the  liquid,  or 
if  there  be  any  imperfectly  elastic  solid,  however  small,  floating 
on  it  or  sunk  within  it,  the  equilibrium  in  any  case  of  energy 
either  a  minimax  or  a  maximum  cannot  be  secularly  stable  : 
and  the  only  secularly  stable  configurations  are  those  in  which 
the  energy  is  a  minimum  with  given  moment  of  momentum. 
It  is  not  known  for  certain  whether  with  given  moment  of 
momentum  there  can  be  more  than  one  secularly  stable  configu- 
ration of  equilibrium  of  a  viscous  fluid,  in  one  continuous  mass, 
but  it  seems  to  us  probable  that  there  is  only  one. 


336 


ABSTRACT    DYNAMICS. 


[77a. 


Digression 
on  upherical 
harmonics. 


Harmonic 
bptieroid. 


Harmonic 
nudal  cunc 
and  line. 


779.  A  few  words  of  explanation,  and  some  graphic  illustra- 
tions, of  the  character  of  spijerical  surface  harmonics  may  pro- 
mote the  clear  understanding  not  only  of  the  potential  and 
hydrostatic  applications  of  Laplace's  analysis,  which  will  occupy 
us  presently,  but  of  much  more  important  applications  to  be 
made  in  V^ol.  II.,  when  waves  and  vibrations  in  spherical  fluid 
or  elastic  solid  masses  will  be  treated.  To  avoid  circumlo- 
cutions, we  shall  designate  by  the  term  harmonic  spheroid,  or 
sphencal  harmonic  undulation,  a  surface  whose  radius  to  any 
point  ditii'ers  from  that  of  a  sphere  by  an  infinitely  small  length 
varying  as  the  value  of  a  surface  harmonic  function  of  the 
position  of  tliis  point  on  the  spherical  surface.  The  definitions 
of  spherical  solid  and  surface  harmonics  [App.  B.  (a),  (6),  (c)] 
show  that  the  harmonic  spheroid  of  the  second  order  is  a  surface 
of  the  second  degree  subject  only  to  the  condition  of  being 
approximately  .spherical:  that  is  to  say,  it  may  be  any  elliptic 
spheroid  (or  ellipsoid  with  approximately  equal  axes).  Gene- 
rally a  harmonic  .spheroid  of  any  order  i  exceeding  2  is  a  sur- 
face of  algebraic  degree  i,  subject  to  further  restrictions  than 
that  of  merely  being  approximately  spherical. 

Let  S,  be  a  surface  liarmonic  of  the  order  i  with  the  coefficient  of 
the  leading  term  so  chosen  as  to  make  the  gi-eatest  niaxiiiium 
value  of  the  function  unity.  Then  if  a  be  the  radius  of  tlie 
mean  spliere,  and  c  the  gn-atest  deviation  from  it,  the  polar 
equation  of  a  harmonic  spheroid  of  order  i  will  be 

r  =  a  +  cSi (1) 

if  .9  is  regarded  as  a  function  of  polar  angular  co-ordinates,  ^,  ^. 
Considering  that  c/a  is  infinitely  small,  we  may  reduce  this  to  an 
equation  in  rectangular  co-ordinates  of  degree  t,  thus: — Squaring 
each  member  of  (1);  and  putting  cr'la*'*'*  for  c/a,  from  which  it 
diftl'i-s  by  an  infinitely  small  quantity  of  the  second  oixler,  we 
have 

^-ci'  +  ^%{r%) (2). 

This,  reduced  to  rectangular  co-ordinates,  is  of  algebraic  degi'ee  t. 

780.  The  line  of  no  deviation  from  the  mean  spherical  sur- 
face is  called  the  iiodal  line,  or  the  nodes  of  the  harmonic 
spheroid.     It  is  the  line  in  which  the  spherical  surface  is  cut 
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bv  t.lie  harmonic  nodal  cone;  a  certain  cone  with  vertex  at  the  Digression 
centre  of  the  sphere,  and  of  algebraic  degree  equal  to  the  order  harmonics. 
of  the  harmonic.    An  important  property  of  the  harmonic  nodal  !fodaUone 
line,  indicated  by  an  interesting  hydrodynamic  theorem  due  to  ^"** ''"®' 
Rankine*,  is  that  when  self-cutting  at  any  point  or  points,  the 
different  branches  make  equal  angles  with  one  another  round 
each  point  of  section. 

Denoting  r'S'^  of  §  779  by  V^,  we  have 

V,  =  0 (3) 

for  the  equation  of  the  harmonic  nodal  cone.     As  V^  is  [Ap]'.  Theorem 
B.  (a)]  a  homogeneous  function  of  degree  i,  we  may  write  nodal  cone. 

V,  =  H^z'  +  H/-'  +  H^z'-^  +  H^z'-^  +  etc (4), 

where  U^  is  a  constant,  and  H^,  H„,  H^,  etc.,  denote  integral 
homogeneous  functions  of  x,  y  of  degrees  1,  2,  3,  etc.;  and  then 
the  condition  v^  F«  =  0  [App.  B.  (a)]  gives 

V'^,+  (*-s  +  2)(i-s  +  l)^^_3  =  0  /■•■^^^' 

which  express  all  tlie  conditions  binding  on  7/^,  H^,  H„,  etc. 

Now  suppose  the  nodal  cone  to  be  autotomic,  and,  for  brevity 
and  simplicity,  take  OZ  along  a  line  of  intersection.  Then  z  =  a 
makes  (3)  the  equation  in  x,  y,  of  a  curve  lying  in  the  tangent 
plane  to  the  si)herical  surface  at  a  double  or  multiple  point  of  the 
nodal  line,  and  touching  both  or  all  its  branches  in  this  pouit. 
The  condition  that  the  curve  in  the  tangent  plane  may  have  a 
double  or  multiple  point  at  the  origin  of  its  co-ordinates  is,- when 
(4)  is  put  for  F,-, 

11^  =  0  ;  and,  for  all  values  of  x,  y,  H^  =  0. 

Hence  (5)  gives  V'-^a  =  Oj 

so  that,  if  H„  =  Ax"  +  Btf  +  2Cxy, 

we  have  A-¥  B  =  0.  This  shows  that  the  two  branches  cut  one 
another  at  right  angles. 

If  the  origin  be  a  triple,  or  ?i-multiple  point,  we  must  have 

Z7„=0,   ^.  =  0,...//.,  =  0, 

and  (5)  gives  V*7f^  =  0 

*  *' Summary  of  the  Properties  of  certain  Stream-Lines."    Phil.  Mag.,  Oct. 
1864. 

VOL,  II.  22 
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Hence  [§  707  (23),  writing  v  for  J -I], 

H=A{{x  +  yvy+{x-yv)'}  +  Bv{ix  +  yv)'-{x-ijv)l 

or.  ii  x  =  p  cos  <^,  ?/  =  p  sin  <f>, 

U^  =  2p"  {A  C03  n<f}  +  Ji  .sin  «<^), 

which  shows  that  the  n  brandies  cut  one  another  at  equal  angles 
round  the  origin. 

781.  The  harmonic  nodal  cone  may,  in  a  great  variety  of 
cases  [F,  resolvable  into  factors],  be  composed  of  others  of  lower 
degrees.  Thus  (the  only  class  of  cases  yet  worked  out)  each  of 
the  2i'  + 1  elementary  polar  harmonics  [as  we  may  conveniently 
call  those  expressed  by  (36)  or  (37)  of  App.  B,  with  any  one 
alone  of  the  2t  +  l  coefficient"^  A^,  B^]  has  for  its  nodes  circles 
of  the  spherical  surface.  These  circles,  for  each  such  harmonic 
element,  are  either  (1)  all  in  parallel  planes  (as  circles  of  lati- 
tude on  a  globe),  and  cut  the  spherical  surface  into  zones,  in 
which  case  the  harmonic  is  called  zonal ;  or  (2)  they  are  all  in 
planes  through  one  diameter  (as  meridians  on  a  globe),  and  cut 
the  surface  into  equal  sectors,  in  which  case  the  harmonic  is 
called  sectorial ;  or  (3)  some  of  them  are  in  parallel  planes, 
and  the  others  in  planes  througli  the  diameter  perpendicular  to 
those  planes,  so  that  they  divide  the  surface  into  rectangular 
quadrilaterals,  and  (next  the  poles)  triangular  segments,  as 
arciis  on  a  globe  bounded  by  parallels  of  latitude,  and  meridians 
at  equal  successive  ditierences  of  longitude. 

With  a  given  diameter  as  axis  of  symmetry  there  are,  for 
complete  harmonics  [App.  B.  (c),  (<£)],  just  one  zonal  harmonic 
of  each  order  and  two  sectorial.  The  zonal  harmonic  is  a  function 
of  latitude  alone  (Att  — ^,  according  to  the  notation  of  App.  B.); 
being  the  (-:)/''  given  by  putting  s  =  0  in  App.  B.  (38).  The 
.'tectorial  harmonics  of  order  i,  being  given  by  the  same  with 
s  =  /,  are 

sin'^co.sr<^,  and  sin'^  sin  ?'</> (1), 

The  general  polar  harmonic  clement  of  order  t,  being  the 
<^/"  cos  50  and  0,"' sin  50  of  B.  (38),  with  any  value  of  s  from 
0  to  {,  has  for  its  nodes  i  —  s  circles  in  parallel  planes,  and  s 
great  circles  mtersecting  one  another  at  equal  anj,'les  round 
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their   poles;   and   the  variation  from  maximum  to   minimum  Dipression 

11  11    1        •      1       •  T  1       o'i!>pheruiil 

along  the   equator,  or  any  parallel    circle,  is  according  to  the  harmonics, 
simple  harmonic  law.     It  is  easily  proved  (as  the  mathematical 
student  may  find   for  himself)   that   the    law    of  variation    is 
approximately  simple  harmonic  along  lengths  of  each  meridian 
cutting  but  a  small  number  of  the  nodal  circles  of  latitude,  and 
not  too  near  either  pole,  for  any  polar  harmonic  element  of  high 
order  having  a  large  number  of  such  nodes   (that  is,  any  one  Tesserai 
for  which  t  — 5  is  a  large  number).     The  law  of  variation  along  surface  by 
a  meridian  in  the  neighbourhood  of  either  pole,  for  polar  har-  polar  har- 
monic elements  of  high  orders,  will  be  carefully  examined  and 
illustrated  in  Vol.  ii.,  when  we  shall  be  occupied  with  vibra- 
tions and  waves  of  water  in  a  circular  vessel,  and  of  a  circular 
stretched  membrane. 

782.  The  following  simple  and  beautiful  investigation  of 
the  zonal  harmonic  due  to  Murphy*  may  be  acceptable  to  the 
analytical  student ;  but  (§  453)  we  give  it  as  leading  to  a  use- 
ful formula,  with  expansions  deduced  from  it,  differing  from  any 
of  those  investigated  above  in  App.  B : — 

"Prop.  I. 
"  To  find  a  rational  and  entire  function  of  given  dimensions  jiurpiiy-s 
"  with  respect  to  any  variable,  such  that  when  multiplied  by  rnventiOTi 
''any  rational    and   entire    function    of  lower  dimensions,   the  harmonics! 
''integral  of  the  product  taken  between  the  limits  0  and   1 
"shall  always  vanish. 

"  JjQtfit)  be  the  required  function  of  n  dimensions  with  respect 
"  to  the  variable  t ;  then  the  proposed  condition  will  evidently  re- 
*'  quire  the  following  equations  to  be  separately  true  ;  namely, 

'^{a)......jf{t)dt=0,  JAt)tdt=0,  Jf{t)m=0,\ ^[f{t)r'dt=-0, 

"  each  integi'al  being  taken  between  the  given  limits. 

"  Let  the  indefinite  integral  of/(«),  commencing  when  t  =  0,he 
"  represented  hy  J]{t) ;  the  indefinite  integral  of /,(«),  commencing 
"also  when  t  =  0,  hy /^{t) ;  and  so  on,  until  we  arrive  at  the 
*'  function /.(«),  which  is  evidently  of  2?i  dimensions.  Then  the 
*'  method  of  integrating  by  parts  will  give,  generally, 

-  J-fit)  fdt  =  ff^{t)  -  xt'-\at)  +  X  (.r  - 1 )  t'--f^(t)  -  etc. 

•  Treatise  on  Electricity.     Cambridge,  1833. 

no      s> 
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"  Jjct  US  now  put  t=],  and  substitute  for  x  the  values  1,  2,  3, 

•' (i  — 1)  successively;  then  in  \'irtue  of  the  equations  (a), 

"  we  get, 

"(6) m  =  o,  /.(<)-o,  /jo=o. ./(o=o. 

"  Hence,  the  function /,(^)  and  its  (t  -1)  successive  differential 
"  coefficients  vanish,  V)Oth  when  t  =  0,  and  when  t  =  l  ;  therefore 
"  /'  and  (1  -  t)'  are  each  factors  of/f{t) ;  and  since  this  function  is 
"of  2i  dimensions,  it  admits  of  no  other  factor  but  a  constant  c. 

"Putting  I  -t  =  t',  we  thus  obtain 

/(0  =  c  («')'; 


"  and  therefore 


/W- 3^  («■)'. 


*'CoroUar>/. — If  we  suppose  the  first  term  of /"(/),  when  arranged 
*'  according   to  the  powers  of  t,  to  be  unity,  we  evidently  have 


1 


1.2.3 1 

♦'quantity  by  ^, 


-;  on  this  supposition  we  shall  denote  the  above 


"Prop.  II. 


Murphy's 
iinaiysis. 


"The  function  Q^  which  has  been  investigated  in  the  pre- 
•' ceding  proposition,  is  the  same  as  the  coefficient  of**  in  the 
"  expausiou  of  the  quantity 

fl  -  2e  (1  -  20  +  c'l'l 

"Let  u  be  a  quantity  which  satisfies  the  equation 
(c) u  =  t  +  eu{l  -  «); 

"that  is,         u=-  -^"^  +  i  {1  -  26 (1  -  20  +  c*}*; 


2e 


"therefore 


2e 

^^  =  {l-2.(l-20  +  er*. 


"  But  if,  as  before,  wc  write;  l'  for  1  -  ^  we  have,  by  Lagrange's 
"  theorem,  applied  to  the  equation  (c), 

"If  we  differentiate,  and  put  for     f{(l')*  its  value  1 . 2. 3...iQ^  given 

(tt 
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"by  the  former  proposition,  we  get  Digression 

oil  spherical 
^^  harmon.cs. 

—  =  1  +  $,e  +  Q/  +  Q/  +  etc.  Murphy  ^s 

rtf  analysis. 

"Comparing  this  with  the  above  value  of  —  the  proposition  is 
"manifest. 

"Prop.  V. 

"To  develope  the  function  Q^. 

''First  Expansion.— Bj  Prop,  i.,  we  have  Knai""" 

jj  harmonics 

«'=Tr2-:y^s  ("■)•• 

("' -'      1        1        '+      1.3  1.2 

''  Second  Expansion. — If  u  and  v  are  functions  of  any  variable  t, 
"then  the  theorem  of  Leibnitz  gives  the  identity 

d'        ,         d'u      .dvd'~'u     i(i-l)  d^vd'-'v      , 
"Put  u  =  t'  and  v  =  t'\  and  dividing  by  I  .2  .  3...i,  we  have 

(    1.2.3    r     ^**'- 

1  —     ' 

"  Third  Expansion. — Put  1  -  '2t  =  [x,  and  therefore  it'  =  — .-^2— » 
•'hence    Q.^Y^m  ^^^^ '^y 


1  cZ'  j  „,     .  „,_,    i(i-l)    ,,_,      ^    \ 

ez:2idi:r-'^  ^-172  /^'^--M 


2.4.6...2i  c£/x 
,,,  .  1.3.5...(2t-l)  /  ,      i(t-l)     .., 


,(i,l)(^-2)(^-j)  ) 

2.4.{2i-l)(2i-3)^  ) 
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DiKression 
oil  spherical 
liarmouics. 

Formula; 
(or  zonal, 


and  tesseral 
liurmouics. 


Uiaxal 

harmonic 

expanded. 


The  t,  t'  and  /n  of  Murphy's  notation  are  related  to  the  Q  we 
have  used,  thus  : — 


(2). 


<  =  (2sinie)',     «' =  (2  cos  i6)» ) 

\k  =  cos  Q  ) 

Also  it  is  convenient  to  recall  from  App.  B.  {v'),  (38),  (40),  and 
(42),  that  the  value  of  Q,  [or  ^1°'  of  App.  B.  (01)],  when  6  =  0  ia 
unity,  and  that  it  is  related  to  the  ©'/',  of  our  notation  for  polar 
harmonic  elements,  thus  : — 


^T=Q.= 


1.3.5...(2i-l)fi..o, 


1.2.3...t 


e* 


(3), 


as  is  proved  also  by  comparing  (g)  with  App.  B.  (38).  "We  add 
the  following  formula,  manifest  from  (38),  which  shows  a  deriva- 
tion of  ©'/'  from  0',  ,  valuable  if  only  as  proving  that  the  i  -  « 
roots  of  ©/'  =  0  are  all  real  and  unequal,  iniismuch  a.s  App.  B. 
(/;)  proves  that  the  i  roots  of  ® "'  =  0  are  all  real  and  unequal : — 


01.) 


1 


ir 


sin  6     i  —  8+  I  dfx 


r  e;-"  -I 

[sin'^J 


.(4). 


From  this  and  (3)  we  find 


&r=}-:-?-^r"}..iwo^^' 


1.3.5...(2i-l) 


dfi' 


.(5). 


And  lastly,  referring  to  App.  B.  (w);  let 

Q\  and  Qi  [cos  6  cos  $'  +  sin  6  sin  6'  cos  (<^  -  <^')] 

denote  respectively  what  Q,  becomes  when  cos  6  is  replaced  by 
cos  6',  and  again  by  cos  6  cos  $'  +  sin  6  sin  6'  cos  («/>  -  </>') :  and  let  fx 
denote  cos  6;  and  ft.',  cos  6'.  By  what  precede."*,  we  may  put  (61) 
of  App.  B  into  the  following  much  more  convenient  form,  agx-ee- 
ing  with  that  given  by  Murphy  {Electricity,  p.  24): — 

Qt  [cos  6  cos  0"  +  Bin6  sin  6'  cos  (<#>  -  <t>)] 


=  <?(<?(V2      ..V  ,;^8mgsmtf'  /'  -^  +  ,.    ,,.,     ,J.  '.am^eam-d' -^  -f^  ^  etc.       6) 
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783.     Eleraentan'   polar  harmonics  become,  in  an  extreme  physical 
case  of  spherical  harmonic  analysis,  the  proper  harmonics  for  relative  to 
the  treatment,  by  either  polar  or  rectilinear  rectangular  co-  angular  and 
ordinates,   of  problems   in   which    Ave   have   a   plane,    or   two  plates, 
parallel  planes,  instead  of  a  spherical  surface,  or  two  concentric 
spherical  surfaces,  thus: — 

Firet,  let  S^  be  any  siu'face  harmonic  of  oi-der  i,  and  V^  and 
^_,_i  the  solid  harmonics  [App.  B.  (6)]  equal  to  it  ou  the 
spherical  surface  of  radius  a  :  so  that 

r.=  (i;)'5„,mdr.,.,.(?y"^.. 

Now  [compare  §  655] 

i  log  (r/a) 


©'= 


and,  therefore,  if  a  be  infinite,  and  r  -  a  a  finite  quantity  denoted 
by  X,  which  makes  log  (r/a)  =  x/a,  and  if  i  be  infinite,  and 
a/i  —  p,  we  have 


& 


^i^la  ^   .Ip^  ^^^^  similarly  (^     =  r^'-^^^"^"  =  T^'^ 
the  solid  harmonics  then  become 

c^/P^,  and  e-'^'^S,. 

Supposing  now  S^  to  be  a  polar  harmonic  element,  and  consider- 
ing, as  Green  did  in  his  celebrated  Essay  on  Electricity,  an  area 
sensibly  plane  round  either  pole,  or  considering  any  sensibly  plane 
portion  for  removed  from  each  pole,  it  is  interesting  and  instruc- 
tive to  examine  how  the  formulae  [App.  B.  (36)... (40),  (61),  (Qo); 
and  §  782,  (e),  (/),  (g)]  wear  down  to  the  proper  plane  polar 
or  rectangular  formulae.  This  we  may  safely  leave  to  the  ana- 
lytical student.  In  Vol.  ii.  the  plane  polar  solution  will  be  fully 
examined.  At  present  we  merely  remark  that,  in  rectangular 
surface  co-ordinates  (y,  z)  in  the  spherical  surface  reduced  to  a 
plane,  *S',  may  be  any  function  whatever  fulfilling  the  equation 

and  that  the  rectangular  solution  into  which  the  elementary  polar 
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splierical  harmonic  wears  down,  for  sensibly  plane  portions  of  the 
spherical  surface  far  removed  from  the  jkjIcs,  is 

St  =  cos  -  cos  - 
q        q 

where  q  and  q'  are  two  constants  such  that  q*  +  q"  =  />*. 

Examples        784.     The  following   tcables    and    graphic  representations  of 
harmonics,     ill  the  polar  hamionic  elements  of  the  6th  and  7th  orders  may 

be  useful  in  promoting  an  intelligent  comprehension   of  the 

subject. 

Sixth  order:  Q^zztV  (231m«- 315m*  +  105m'-5)       =W0;»'. 

Zonal, 

ix-  ^  =  i  {33/x«-30m5  +  5)m  =  V0y'(l-/*ri- 

TesKml.  ,f5  .  ^  =  A  (33m«-  18m^-H)  =  H  0*(1  -M*)"*- 


T^-l^=i(ll'^'-3)'*  =J^0«(1-Mr«. 


1        ''^^fl-i  =       0""  (1  -  u'O"'  not  sho\N-n. 
Sectorial              rsisi--^--*'  « 

Sder  •!''  <?7  =  A  (^20m«  -  C93m*  +  315/x'  -  35)  ^  =  W©^'". 

Te"';al.  A  •  ^'  =  '^  ('2^^'-  ^»^'^*  +  ^^^'^'  -  ^)  =  V,»  ©;>'  (1  -  m')-^. 

,f,.^^  =  A(143M«-110M'+15)/i  =v.'0!?'(i-M'r». 

,r'„  .  '^  =  bV  (U3m*-  66/i'  +  3)  =  Vi^  ©l^'tl  -  m=)-». 

rt^\^-^.=i-  =     0/(1 -Mr». 

mW-^  =  i  =       07(1 -/*')-' not  shown. 


fK.ctoriaI. 
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•0 

•01 

•05 
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•17 
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•45 
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+ 
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- 
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- 
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- 
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'•'6000 

+ 
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+ 
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•1464 
•1597 

+ 

JL. 

"•'i7'06 
•1778 

,    d-Q^ 


+   ^1764 

+   ^1615 
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•0000 


210 

dix'  ' 

+ 

•0625 

+ 

'•'6597 

+ 

'•'0515 

+ 
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+ 
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+ 
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•0000 
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-  ^0674 

-  "•0622 
-"•'6481 

-  "•0258 
+  '•6633 
+  '•6360 
+  "•'0674 


+  •0905 
+  •0958 


+  ^0709 
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- 
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- 
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- 
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- 
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- 
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- 
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- 
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-    •0275 
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•3 

- 

•0754 

- 
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•0010 

-  •oooe 
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•35 

- 

•0767 

- 

•0630 

'  + 

•0348 

+    ^0268 

+     2524 

•4 

— 

•0620 

- 

•0477 

1  + 

•0760 

+    ^0536    j 

+   -2580 

•45 

- 

•0435 

- 

•0310 

+ 

•1227 

+    0773 

+    •2555 

•5 

- 

•0156 

- 

•0101 

+ 

•1750 

+   ^0984   1 

+   -2436 

•55 

+ 

•0225 

-r 

•0131    1 

+ 

•2327 

+  •iis-i  1 

+    2234 

•6 

+ 

•0720 

•f 

•0369 

+ 

•2960 

+   •1211 

+    1966 

•63 

, 

+ 
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•65 
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+ 

•0587 

+ 
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+ 
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+ 
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•8U 
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. 

•9 

+ 

•6649 

+ 

•0551 

+ 
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1 
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+ 
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+ 
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+ 
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•96 

+ 

•8565 

+ 

•9138 
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785.  A  short  digression  here  on  the  theory  of  the  potential,  J^l^^^^^j?"  ^ 
and  particularly  on  equipotential  surfaces  differing  little  from  po'eutki. 
concentric  spheres,  will  simplify  the  hydrostatic  examples  which 
follow.  First  we  shall  take  a  few  cases  of  purely  synthetical 
investigation,  in  which,  distributions  of  matter  being  given, 
resulting  forces  and  level  surfaces  (§  487)  are  found ;  and  then 
certain  problems  of  Green's  and  Gauss's  analysis,  in  which,  from 

data  regarding  amounts  of  force  or  values  of  potential   over 
individual  surfaces,  or  shapes  of  individual  level  surfaces,  the 
distribution  of  force  through  continuous  void   space   is   to   be 
determined.     As  it  is  chiefly  for  their  application  to  physical  Sea  level 
geography  that  we  admit  these  questions  at  present,  we  shall 
occasionally  avoid  circumlocutions  by  referring  at  once  to  the 
Earth,  when  any  attracting  mass  with  external  equipotential 
surfaces  approximately  spherical  would  answer  as    well.     We 
shall  also  sometimes  speak  of  "the   sea  level"   (§§  750,  754) 
merely  as  a  "  level  surface,"  or  "  surface  of  equilibrium  "  (§  487) 
just  enclosing  the  solid,  or  enclosing  it  with  the  exception  of 
comparatively  small  projections,  as  our  dry  land.     Such  a  sur- 
face will  of  course  be  an  equipotential  surface  for  mere  gravita- 
tion, when  there  is   neither  rotation  nor  disturbance  due  to 
attractions  of  other  bodies,  such  as  the  moon  or  sun,  and  due 
to  change  of  motion  produced  by  these  forces  on  the  Earth  ;  but  Level  sur- 
it  may  be  always  called  an  equipotential  surface,  as  we  shall  see  tiveiy  to" 
(§  793)  that  both  centrifugal  force  and  the  other  disturbances  centrifugal 
referred  to  may  be  represented  by  potentials. 

786.  To  estimate  how  the  sea  level  is  influenced,  and  how  Disturbance 

of  Sf^&  l^vpl 

much  the  force  of  gravity  in  the  neifihbourhood  is  increased  or  by  denser 

,...-,,  .      ^      .      •'  .,.°,..,  ,  ,         thanaver- 

diminishea  by  the  existence  within  a  limited  volume  under- -life  matter 

•^  _  under- 

ground of  rocks  of  density  greater  or  less  than  the  average,  let  us  ground. 

imagine  a  mass  equal  to  a  very  small  fraction,  Ijn,  of  the  earth's 
whole  mass  to  be  concentrated  in  a  point  somewhere  at  a  depth 
below  the  sea  level  which  we  shall  presently  suppose  to  be 
small  in  comparison  with  the  radius,  but  great  in  comparison 
with  l/Vn  of  the  radius.  Immediately  over  the  centre  of  dis- 
turbance, the  sea  level  will  be  raised  in  virtue  of  the  disturbino- 
attraction,  by  a  height  equal  to  the  same  fraction  of  the  radius 
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that  the  distance  of  the  disturbing  point  from  the  chief  centre 
is  of  n  times  its  depth  below  the  sea  level  as  thus  disturbed. 
The  augmentation  of  gravity  at  this  point  of  the  sea  level 
will  be  the  same  fraction  of  the  whole  force  of  gravity  that  n 
times  the  square  of  the  depth  of  the  attracting  point  is  of  the 
square  of  the  radius.  This  fraction,  as  we  desire  to  limit  our- 
selves to  natural  circumstances,  we  must,  suppose  to  be  very 
small.  The  disturbance  of  direction  of  gravity  will,  for  the 
sea  level,  be  a  maximum  at  points  of  a  circle  described  from 
A  as  centre,  with  Z)/\/2  as  radius;  D  being  the  depth  of  the 
centre  of  disturbance.  The  amount  of  this  maximum  deflec- 
tion will  be  §V3«7«i>'  of  the  unit  angle  of  57° -290  (§  41),  a 
denoting  the  earth's  radius. 

Let  C  be  the  centre  of  the  chief  attracting  mass  (1  -  n"'),  and 

B  that  of  the  distuibing  mass  (l/'»),  the 
two  parts  being  supposed  to  act  as  if 
collected  at  these  points.  Let  P  be  any 
point  on  the  equipotential  surface  for 
which  the  potential  is  the  Sixme  as  what  it 
would  be  over  a  spherical  surface  of  radius 
a,  and  centre  C  if  the  whole  were  collected 
mC.     Then  (UOl) 


1 
(JP 


1 

11 


JiP 


1 


a 


which  is  the  equation  of  the  equipotential  surface  in  question. 
It  gives 

Thii  expresses  rigorously  the  positive  or  negative  elevation  of 
the  disturbed  equipotential  at  any  point  above  the  undisturbed 
surface  of  the  same  potential.  For  the  point  A,  over  the  centre 
of  disturbance,  it  gives 

n.  BA 

which  agrees  exactly  with  the  preceding  stitement:  and  it  proves 
the  approximate  truth  of  that  statement  as  ajiplied  to  the  sea 
level  when  we  consider  that  when  BP  is  many  times  DA,  CP-a 


786.]  STATICS.  353 

is  many  times  smaller  than  its  value  at  A.  "We  leave  the  proof 
of  the  remaining  statements  of  this  and  the  following  sections 
(§§  787... 792)  as  an  exercise  for  the  student. 

787.  If  p  be  the  general  density  of  the  upper  crust,  and  a  Effects  of 

loc&l  6XC€SS 

the  earth's  mean  density,  and  if  the  disturbance  of  §  786  be  above  aver- 
due  to  there  being  matter  of  a  ditferent  density,  p',  throucrhout  on  sea  leve'i, 
a  spherical  portion  oi  radius  6,  with  its  centre  at  a  depth  D  rection  and 

.  -  intensity  of 

below  the  sea  level,  the  value  of  n  will  be  aa  /{p'—  p)b^ ;  and  gravity: 
the  elevation  of  the  sea  level,  and  the  proportionate  augmenta- 
tion of  gravity  at  the  point  right  over  it,  will  be  respectively 

{p'-p)lr  ,         ,  (p'-pW 

^ — ~— .  h,   and  -J- — '--- . 

aaD  (xaD' 

The  actual  value  of  a  is  about  double  that  of  p.     And  let  us  example. 
suppose,  for  example,  that  i>  =  6  =  1000   feet,  or  -57^   of  the 
earth's  radius,  and  p'  to  be  either  equal  to  2p  or  to  zero.     The 
previous  results  become 

±  ^  of  a  foot,  and  ±  ^^  of  gravity, 

which  are  therefore  the  elevation  or  depression  of  sea  level,  and 
the  augmentation  or  diminution  of  gravity,  due  to  there  being 
matter  of  double  or  zero  density  through  a  spherical  space  2000 
feet  in  diameter,  with  its  centre  1000  feet  below  the  surface. 
The  greatest  deviation  of  the  plummet  is  at  points  of  the  circle 
of  707  feet  radius  round  the  point;  and  it  amounts  to  j^ooo 
of  the  radian,  or  nearly  2". 

788.  It  is  worthy  of  remark  that,  to  set  off  against  the  in- 
crease in  the  amount  of  gravity  due  to  the  attraction  of  the 
disturbing  mass,  which  we  have  calculated  for  points  of  the  sea 
level  in  its  neighbourhood,  there  is  but  an  insensible  deduc- 
tion on  account  of  the  diminution  of  the  attraction  of  the  chief 
mass,  owing  to  increase  of  the  distance  of  the  sea  level  from  its 
centre,  produced  by  the  disturbing  influence.  The  same  remark 
obviously  holds  for  disturbances  in  gravity  due  to  isolated 
mountains,  or  islands  of  small  dimensions,  and  it  will  be  proved 
(§  794)  to  hold  also  for  deviations  of  figure  represented  by 
harmonics  of  high  orders.  But  we  shall  see  (§  789)  that  it  is 
otherwise  with  harmonic   deviations   of  low  orders,  and  conse- 
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quently  with  wide-spread  disturbances,  such  as  are  produced 
by  great  tracts  of  elevated  land  or  deep  sea.  We  intend  to 
return  to  the  subject  in  Vol.  il..  under  Properties  of  Matter, 
when  we  shall  have  occasion  lo  examine  the  phenomenal  and 
experimental  foundations  of  our  knowledge  of  gravity ;  and  we 
shall  then  apply  §§  -i-TT  (b)  (c)  (d),  478,  479,  and  solutions  of 
other  allied  problems,  to  investigate  the  effects  on  the  magnitude 
and  direction  of  gravity,  and  on  the  level  surfaces,  produced  by 
isolated  hills,  mountain-chains,  large  table  lands,  and  by  cor- 
responding depressions,  as  lakes  or  circumscribed  deep  places 
in  the  sea,  great  valleys  or  clefts,  large  tracts  of  deep  ocean. 

Harmonic  789.  All  the  level  surfaces  relative  to  a  harmonic  spheroid 
feveiju" "  (§779)  of  homogeneous  matter  are  harmonic  spheroids  of  the 
same  order  and  type.  That  one  of  them,  which  lies  as  much 
inside  the  solid  as  outside  it,  cuts  the  boundary  of  the  solid  in 
a  line  (or  group  of  lines) — the  mean  level  line  of  the  surface  of 
the  solid.  This  line  lies  on  the  mean  spherical  surface,  and 
therefore  (§  780)  it  constitutes  the  nodes  of  each  of  the  two 
harmonic  spheroidal  surfaces  which  cut  one  another  in  it.  If  i 
be  the  order  of  the  harmonic,  the  deviation  of  the  level  spheroid 
is  (§§  545,815)  just  3/(2i4-l)  of  the  deviation  of  the  bounding 
spheroid,  each  reckoned  from  the  mean  spherical  surface. 

Thus  if  1=1,  the  level  coincides  with  the  boundary  of  the 
solid :  the  reason  of  which  is  apparent  when  it  is  considered 
that  any  spherical  harmonic  deviation  of  the  first  order  from  a 
given  spherical  surface  constitutes  an  equal  spherical  surface 
round  a  centre  at  some  infinitely  small  distance  from  the  centre 
of  the  given  surface. 

If  t  =  2,  the  level  surface  deviates  from  the  mean  sphere 
by  ^  of  the  deviation  of  the  bounding  surface.  This  is  the 
case  of  an  cllip.soidal  boundary  dithering  infinitely  little  from 
sjiherical  figure.  It  may  be  remarked  that,  as  is  proved  readily 
from  §  522,  those  of  the  equipotential  surfaces  relative  to 
a  homogeneous  ellipsoid  which  lie  wholly  within  it  are  exact 
ellipsoids,  but  not  so  those  which  cut  its  boundary  or  lie  wholly 
without  it :  these  being  approximately  ellipsoidal  only  when 
the  deviation  from  spherical  figure  is  very  smalL 
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790.  The  circumstances  for  very  high  orders  are  sufficiently  Harmonic 

,  ,  .       sphproidal 

illustrated  if  we  confine  our  attention  to   sectorial    harmonics '67^?^  °^ 

high  orders. 

(§  781).  The  figure  of  the  line  in  which  a  sectorial  harmonic 
spheroid  is  cut  by  any  plane  perpendicular  to  its  polar  axis  is 
[§  781  (1)],  as  it  were,  a  harmonic  curve  (§  62)  traced  from  a 
circular  instead  of  a  straight  line  of  abscissas.  Its  wave  length 
(or  double  length  along  the  line  of  abscissas  from  one  zero  or 
nodal  point  to  the  next  in  order)  will  be  l/i  of  the  circumference 
of  the  circle.  And  when  i  is  very  great,  the  factor  sin'^  makes 
the  sectorial  harmonic  very  small,  except  for  values  of  6  differ- 
ing little  from  a  right  angle,  and  therefore  a  sectorial  harmonic 
spheroid  of  very  high  order  consists  of  a  set  of  parallel  ridges 
and  valleys  perpendicular  to  a  great  circle  of  the  globe,  of 
nearly  simple  harmonic  form  in  the  section  by  the  plane  of 
this  circle  (or  equator),  and  diminishing  in  elevation  and 
depression  symmetrically  on  the  two  sides  of  it,  so  as  to  be 
insensible  at  any  considerable  angular  distance  (or  latitude) 
from  it  on  either  side.  The  level  surface  due  to  the  attraction 
of  a  homogeneous  solid  of  this  figure  is  a  figure  of  the  same 
kind,  but  of  much  smaller  degree  of  elevations  and  depressions, 
that  is,  as  we  have  seen,  only  S/{2i  +  1)  of  those  of  the  figure ; 
or  approximatel}^  three  times  the  same  fraction  of  the  inequali- 
ties of  figure  that  the  lialf-wave  length  is  of  the  circumference 
of  the  globe.  It  is  easily  seen  that  when  i  is  very  large  the 
level  surface  at  any  place  will  not  be  sensibly  affected  by  the 
inequalities  in  the  distant  parts  of  the  figure. 

791.  Thus  we  conclude  that,  if  the  substance  of  the  earth  Undulation 
were  homogeneous,  a  set  of  several  parallel  mountain-chains  to  parallel 

1        11  1  1  1  •  1  1.  mountain- 

and  valleys  would  produce  an  approximately  corresponding  un-  ridnes  and 
dulation  of  the  level  surface  in  the  middle  district :  the  height 
to  which  it  is  raised,  under  each  mountain-crest,  or  drawn  down 
below  the  undisturbed  level,  over  the  middle  of  a  valley,  being 
three  times  the  same  fraction  of  the  height  of  mountain  above 
or  depth  of  valley  below  mean  level,  that  the  breadth  of  the 
mountain  or  of  the  valley  is  of  the  earth's  circumference. 

792.  If  the  globe  be  not  homogeneous,  the  disturbance  in 
magnitude  and  direction  of  gravity,  due  to  any  inequality  in 

23—2 


356  ABSTRACT   DYNAMICS.  [792. 

Practical      the  figure  of  its  bounding  surface,  will  (§  787)  be  pla-  of  what  it 

coticlusions  111-/-1  1  ^    r       \  • 

as  to  (lis-      would  be  if  the  substance  were  homogeneous;  and  further,  it 

turbanrosor  i       i     i  i         t  i  i  i 

sea-iovei,      may  be  remarked  that,  as  the  disturbances  are  supposed  to  be 

and  amount  .  *         . 

and  direc-    small,  we  may  superimpose  such  as  we  have  now  described,  on 
gravity.       any  other  small  disturbances,  as,  for  instance,  on  the  general 

obhiteness  of  the  earth's  figure,  with  which  we  shall  be  occupied 

presently. 

Practically,  then,  as  the  density  of  the  upper  crust  is  some- 
where about  \  the  earth's  mean  density,  we  may  say  that  the 
effect  on  the  level  surface,  due  to  a  set  of  parallel  mountain- 
chains  and  valleys,  is,  of  the  general  character  exjilained  in 
§  791,  but  of  half  the  amounts  there  stated.  Thus,  for  instance, 
a  set  of  several  broad  mountain-chains  and  valleys  twenty 
nautical  miles  from  crest  to  crest,  or  hollow  to  hollow,  and  of 
several  times  twenty  miles  extent  along  the  crests  and  hollows, 
and  7,200  feet  vertical  height  from  hollow  to  crest,  would 
raise  and  lower  the  level  by  2^  feet  above  and  below  what 
it  would  be  were  the  surface  levelled  by  removing  the  elevated 
matter  and  filling  the  valleys  with  it. 

Determiii-        793.     Green's  theorem  [App.  A.  (e)l*  and  Gauss's  theorem 

at6ness  of  l     i  i-  \   /j 

potential      i  R  497)  show  that  if  the  potential  of  any  distribution  of  matter, 

tlirouRh  .  .  . 

space  from   attracting  according  to  the  Newtonian  law,  be  given  for  every 

Us  value  .  *=  '^  .  . 

over  every    i)()iut  of  a  surfaco  Completely  enclosing  this  matter,  the  poten- 

poiMt  of  a       ' .  .  .  »  r 

surface.  tial,  and  therefore  also  the  force,  is  determined  througlmut  all 
space  external  to  the  bounding  surface  of  the  matter,  whether 
this  surface  consist  of  any  number  of  isolated  closed  surfaces, 
each  simply  continuous,  or  of  a  single  one.  It  need  scarcely 
be  said  that  no  general  solution  of  the  problem  has  been  ob- 
tained. But  further,  even  in  cases  in  which  the  potential  has 
been  fully  determined  for  the  space  outride  the  surface  over 
which  it  is  given,  mathematical  analysis  has  hitherto  failed  to 
determine  it  through  the  whole  space  between  this  surface  and 
the  attracting  mass  within  it.      We   hope    to  return,  in  later 

*  First  apply  Green's  theorem  to  the  surface  over  which  the  potential  is 
given.  Then  Gauss's  theorem  shows  that  there  cannot  be  two  distributions  of 
potential  agreeing  through  all  space  external  to  this  surface,  but  differing  for 
any  part  of  the  space  between  it  and  the  bounding  surface  of  the  matter. 
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volumes,  to  the  grand  problem  suggested  by  Gauss's  theorem 
of  §  497.  Meantime,  we  restrict  ourselves  to  questions  practi- 
cally useful  for  physical  geography. 

Example  (1) — Let  tlie  enclcsing  surface  be  spherical,  of  radius  Detennina- 
a ;  and  let  F  {6,  cf))  be  the  given  potential  at  any  point  of  it,  potential 
specified  in   the  usual  manner  by  the  polar  co-ordinates  $,  </>.  value  over 
Green's  solution  [§  499  (3)  and  App.  B.  (46)]  of  his  problem  for  surfa^en- 
the  spherical  surface  is  immediately  applicable  to  part  of  our  mass°^ '  ^ 
present  problem,  and  gives 

V-  J_  f^T {r'-a')F{6',  cf>')r'sin6'dB'd<f>' 

47rajo    Jo  {r'-2rtr[cos6cos6'+sin^sin6'cos(<^-(/>')]+a=}^  "'^^^ 

for  the  potential  at  any  point  (r,  6,  rp)  external  to  the  spherical 
surface.  But  inasmuch  as  Laplace's  equation  ^%  —  0  is  satisfied 
through  the  whole  internal  space  as  well  as  the  whole  external 
space  by  the  expression  (46)  of  App.  B.,  and  in  our  present  pro- 
blem ^^V=^0  is  only  satisfied  [§  491  (c)]  for  that  part  of  the  in- 
ternal space  which  is  not  occupied  by  matter,  the  expression  (3) 
gives  the  solution  for  the  exterior  space  only.  When  F (0,  (f>)  is 
such  that  an  expression  can  be  found  for  the  definite  integral  in 
finite  terms,  this  expression  is  necessarily  the  solution  of  our  pro- 
blem through  all  space  exterior  to  the  actual  attracting  body.  Or 
when  F{6,  (j>)  is  such  that  the  definite  integral,  (3),  can  be  trans- 
formed into  some  definite  integral  which  varies  continuously  across 
the  whole  or  across  some  part  of  the  spherical  surface,  this  other 
integral  will  carry  the  solution  through  some  part  of  the  interior 
space :  that  is,  through  as  much  of  it  as  can  be  reached  without 
discontinuity  (infinite  elements)  of  the  integral,  and  without 
meeting  any  part  of  the  actual  attracting  mass.  To  this  subject 
we  hope  to  return  later  in  connexion  with  Gauss's  theorem 
(§  497) ;  but  for  our  present  purpose  it  is  convenient  to  expand 
(3)  in  ascending  powers  of  a/r,  as  before  in  App.  B.  (s).  The 
result  [App  B.  (51)]  is 

v= \ Fie,  <!>) + (^')'^,(<^'  ^)  +  (;)'^«^^'  *^)  •" "*"•      (^  ^'') 

where  Fg{0,  «^),  F^O,  <}>),  etc.,  are  the  successive  terms  of  the 
expansion   [App.  B.  (52)]  of  F (9,  4>)  i^  spherical  surface  bar- 
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monies ;  the  genei-al  term  being  given  by  the  formula 

2i+l  r^'[' 


[793. 
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J'iiO,  <^)  =  ^4^-  ri'QAC,  <f>')siu6'd6\l<i>'....{i), 

4""      Jo     Jo 

where   Qt  is  the  function  of  {6,  <f>)  {0',  </>')  expressed  by  App. 
B.  (61). 

In  any  ca-se  in  which  the  actual  attracting  matter  lies  all  within 
an  interior  concentric  spherical  surface  of  radius  a,  the  harmonic 
expansion  of  F{$,  <f>)  must  be  at  leiist  as  convergent  as  the 
geometrical  series 


"a    *(S)'*{l^)' '""■'• 


and  therefore  (3  bis)  will  be  convergent  for  every  value  of  r 
exceeding  a',  and  will  consequently  continue  the  solution  int^j 
the  interior  at  least  as  far  as  this  second  spherical  surface. 

Example  (2) — Let  the  attracting  mass  be  approximately 
centrobaric  (§  534),  and  let  one  equipotential  surface  completely 
enclosing  it  be  given.  It  is  required  t'J  find  the  distribution  of 
force  and  potential  through  all  space  external  to  the  smallest 
spherical  surface  that  can  be  drawn  round  it  from  its  centre  of 
gravity  as  centre.  Let  a  be  an  approximate  or  mean  radius ; 
and,  taking  the  origin  of  co-ordinates  exactly  coincident  with 
the  centre  of  inertia  (§  230),  let 

r  =  a[\^F{d,<i>)] (5) 

be  the  polar  equation  of  the  surface ;  /'  being  for  all  values  of 
6  and  (/>  so  small  that  we  may  neglect  its  square  and  higher 
powers.  Consider  now  two  proximate  points  (r,  6,  <f>)  {a,  $,  <^). 
The  distance  between  them  is  aF{$,  </>)  and  is  in  the  direction 
through  0,  the  origin  of  co-ordinates.  And  if  M  be  the  whole 
mass,  the  resultjint  force  at  any  point  of  this  line  is  approximately 
equal  to  JZ/a*  and  is  along  this  line.  Hence  the  diflorence  of  po- 
tentials (§  486)  between  them  is  MF(0,  </))/a.  And  if  a  be  the 
proper  mean  radius,  the  constant  value  of  the  potential  at  the 
given  surface  (5)  will  be  precisely  M/a.  Hence,  to  a  degree  of 
approximation  consistent  with  neglecting  squares  of  jP  (^,  <f>),  the 
potential  at  the  point  (a,  6,  <t>)  will  be 


-^i'.,,,). 


.(C). 
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Hence  the  problem  is  reduced  to  that  of  the  previous  example  :  Determina- 
and  remarking  that  the  part  of  its  solution  depending  on  the  term  potential 
Mia  of  (6)  is  of  course  simply  M/r,  we  have,  by  (3  bis),  for  the  form  of  an 

.    ,  .       ,  approsi- 

potential  now  required,  mately 

spherical 
ex         n  n^  '\  equipoten- 

^^^^ll-r^F^iO,  <i>)+^K(0,  <^)  +  etc.    (7)        tiaUuHace 

mass. 

where  F^  is  given  by  (4).     F^  is  zero  in  virtue  of  a  being  the 

proper   mean   radius;    the  equation    expi'essing   this    condition 

being  11^(0,  <f>)  sm0d8dcji  =  0 (8). 

If  further  0  be  chosen  in  a  proper  mean  position,  that  is  to  say, 
such  that  fJQ^F  {6,  cf>)  sin  6ded<j>  =  0 (9) 

F^  vanishes  and  [§  539  (12)]  0  is  the  centre  of  gra^dty  of  the 
attracting  mass;  and  the  harmonic  expansion  of  F(6,  0)  becomes 

F{0,cl>)  =  F^{9,ct.)+F^{e,cf.)  +  F,{e,4>)  +  etc (10). 

If  a'  be  the  radius  of  the  smallest  spherical  siirface  having  0  for 
centre  and  enclosing  the  whole  of  the  actual  mass,  the  series  (7) 
necessarily  converges  for  all  values  of  0  and  (f>,  at  least  as  rapidly 
as  the  geometrical  series 


'\  2  /  -  '■    2 


^-7^(7)     ^(7)     -'» (>^> 

for  every  value  of  r  exceeding  a.  Hence  (7)  expresses  the 
solution  of  our  present  particular  problem.  It  may  caiTy  it  even 
further  inwards  ;  as  the  given  surface  (6)  may  be  such  that  the 
harmonic  expansion  (10)  converges  more  rapidly  than  the  series 

n  f  n  \  ^  f  n.  \ 

1  + 


/  y     '\  2  y     'v  3 

«,.f«UfM+etc. 
a      \aj        \aj 


The  direction  and  magnitude  of  the  resultant  force  are  of  Resultant 

®  force. 

course  [§§  486,  491]  deducible  immediately  from  (7)  throughout 

the  space  through  which  this  expression  is  applicable,  that  is  all 

space  through  which  it  converges  that  can  be  reached  from  the 

given  surface  without  passing  through  any  part  of  the  actual 

attracting  mass.     It  is  important  to  remark  that  as  the  resultant 

force  deviates  from  the  radial  direction  by  angles  of   the  same 

order  of  small  quantities  as  F{d,  (f>),  its  magnitude  will  differ 

from  the  radial  component  by  small  quantities  of  the  same  order 

as  the  square  of  this:  and  therefore,  consistently  with  our  degree 
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R«'sult«ut 
force. 


^f 


a 


Resultant 
force  at  any 
point  of  ap- 
proximately 
spherical 
level  sur- 
face, for 
jrravity 
alone. 


of  approximation,  if  R  denote  the  magnitude  of  the  resultiint  force 
l'  =  -§-^{^*3(^^'F,{e,4.)*i(^)'fAB,^)*etc.}...a2). 

For  the  resultant  force  at  any  point  of  the  spherical  surface 
agreeing  most  nearly  with  the  given  surface  we  put  in  this  for- 
mula r  =  a,  and  find 

'^{\  +  sF^{e,i>)  +  4Fje,i>)  +  eu^.} (13). 

And  at  the  point  (r,  6,  <^)  of  the  given  surface  we  have  r  =  a 
nearly  enough  for  our  ap])roximation,  in  all  terms  except  the 
fii-st,  of  the  series  (12):  but  in  the  first  term,  Mir',  we  must  put 
r  =  a{l-i-i^(^,  «^)};  so  that  it  becomes 

^j^^^g^  4({1  -  2f  («,*)}  =  1^11  -  2  K  (^,  *).  etc.]l...(U), 

and  we  find  for  the  normal  resultant  force  at  the  point  (6,  <p)  of 
the  given  approximately  spherical  equipotential  surface 


a' 


{i  +  i\{e,  ^)^iF,{e,  ct>)^3F,{e,  <^)+...} (i5). 


Taking  for  simplicity  one  term,  F^,  alone,  in  the  expansion  of 
F,  and  considering,  by  aid  of  App.  B.  (38),  (40),  (p),  and 
§§  779. ..784,  the  character  of  spherical  surface  harmonics,  we 
see  that  the  maximum  deviation  of  the  normal  to  the  surface 

r  =  a{\-,F,{e,<f>)}  (16) 

from  the  radial  direction  is,  in  circular  measure  (§  404),  just  t 
times  the  half  range  from  minimum  to  maximum  in  the  values  of 
/',  {6,  </))  for  all  harmonics  of  the  second  order  (case  t  =  2),  and 
for  all  sectorial  liarmonics  (§  781)  of  every  order;  and  that 
it  is  approximately  so  for  the  equatorial  regions  of  all  zonal 
harmonics  of  very  high  order.  Also,  for  harmonica  of  high 
order  contiguous  maxima  and  minima  are  approximately  equal. 
We  conclude  that 

794.  If  a  level  surface  (§  487),  enclosing  a  mass  attracting 
according  to  the  Newtonian  law,  deviate  from  an  approximately 
spherical  figure  by  a  pure  harmonic  undulation  (§  779)  of  order 
i;  the  amount  of  the  force  of  gravity  at  any  point  of  it  will  ex- 
ceed the  mean  amount*  by  »  —  1  times  the  very  small  fraction  by 
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which  the  distance  of  that  point  of  it  from  the  centre  exceeds 
the  mean  radius.  The  maximum  inclination  of  the  resultant 
force  to  the  true  radial  direction,  reckoned  in  fraction  of  the 
unit  angle  57'^'3  (§  -iO^)  is,  for  harmonic  deviations  of  the 
second  order,  equal  to  the  ratio  which  the  whole  range  from 
minimum  to  maximum  bears  to  the  mean  magnitude.  For 
the  class  described  above  under  the  designation  of  sectorial 
harmonics,  of  whatever  order,  i,  the  maximum  deviation  in 
direction  bears  to  the  proportionate  deviation  in  magnitude 
from  the  mean  magnitude,  exactly  the  ratio  «y(i  — 1);  and 
approximately  the  ratio  of  equality  for  zonal  harmonics  of  high 
orders. 

Example  (3). — The  attracting  mass  being  still  approximately 
centrobaric,  let  it  rotate  with  angular  velocity  w  round  OZ,  and 
let  one  of  the  level  surfaces  (§  487)  completely  enclosing  it  be 
expressed  by  (5),  §  793.  The  potential  of  centrifugal  force 
(§§  800,  813),  will  be  ^o)^  (a;*  +  y'),  or,  in  solid  spherical  har- 
monics, ^bi^r^  +  \w  (x-  +  if  -  2z^). 
This  for  any  point  of  the  given  surface  (5)  to  the  degree  of  Resultant 

,  .   ,  ,  ,    .         ■      ,   ,  force  at  any 

approximation  to  which  we  are  bound,  is  equal  to  point  of  ap- 

proximately 
122      120/1  2zi\  spherical 

■^w  a  -f^wa  (:^-cos  d);  level  surface 

for  gravity 

which,  added  to  the  gravitation  potential  at  each  point  of  this  fu^ffj),^ 
surface,  must  make  up  a  constant  sum.     Hence  the  gravitation 
potential  at  {Q,  <ji)  of  the  given  surface  (5)  is  equal  to 

M 

^ui'a'  (^  -  cos^  0) ; 

and  therefore,  all  other  circumstances  and  notation  being  as  in 
Example  2  (§  793),  we  now  have  instead  of  (6)  for  gravitation 
potential  at  (a,  0,  <f>),  the  following: 

^+^Fte,  cb) -Wa' a- cos' 0) (16). 

Hence,  choosing  the  position  of  0,  and  the  magnitude  of  a,  ac- 
cording to  (9)  and  (8),  we  now  have,  instead  of  (7),  for  the 
potential  of  pure  gravitation,  at  any  point  (r,  0,  ^), 

U=M'^l  +  $[F,{d,<l>)-im(i-cos-e)]  +  ^F,{d.  >f>)  +  ^F^(e,  <p)  +  ...\   (17), 
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Eesuitant  wliore  ni  denotes  u>'a*/3I,  or  the  ratio  of  centrifugal  force  at  the 

point  of  ap-  equator,  to  pure  gravity  at  the  mean  distance  a.     The  force  of 

l?phei^l*^  pure  gravity  at  the  puiiit  {0,  (f>)  of  the  given  surface  (5)  is  conse- 

forgravit^y  quently  expre.ssed  by  the  following  formula  instead  of  (15): — 

and  centri- 

fupilforce.    '^i^^^^^,^)_3,|,„(^_Cos^e)+2^,(^,«^)  +  3/;(^,<^)+. ..}... (18). 

Cv 

From  this  must  be  subtracted  the  radial  component  of  the  centri- 
fugal force,  which  is  (in  harmonics) 

|w*a  +  ti>'a  (^  -  cos'^), 

to  find  the  whole  amount  of  the  resultant  force,  g   (apparent 
gi-avity),  normal  to  the  given  surface:  and  therefore 

ct 
If  in  a  particular  case  we  have 

Ft  {6,  <t>)  =  0,  except  for  t  =  2 ;  and  F,  {0,  <l,)  =  e{^-  cos'O) : 
this  becomes 

i7  =  ^{l ->-(!'«-«)  (^-cos'^)} (20). 

795.  Hence  if  outside  a  rotating  solid  the  lines  of  resultant 
force  of  gravitation  and  centrifugal  force  are  cut  at  right  angles 
by  an  elliptic  spheroid*  symmetrical  round  the  axis  of  rotation, 
the  amount  of  the  resultant  differs  from  point  to  point  of  this 
surface  as  the  square  of  the  sine  of  the  latitude:  and  the  excess 
of  the  polar  re.sultant  above  the  equatorial  bears  to  the  whole 
amount  of  either  a  ratio  which  added  to  the  ellipticity  of  the 
figure  is  equal  to  two  and  a  half  times  the  ratio  of  equatorial 
centrifugal  force  to  gravity, 
ciniraufs        YoT  the  ca^sc  of  a  rotating  fluid  mass,  or  solid  with  density 

theorems.  .  . 

distributed  as  if  fluid,  these  conclusions,  of  which  the  second 
is  now  generally  known  as  Clairaut's  theorem,  were  first  dis- 
covered by  Clairaut,  and  publi.shed  in  1743  in  his  celebrated 
treatise  La  Firjure  de  la  Terre.  Laplace  extended  them  by 
proving   the   formula    (19)  of  §  794   for   any  solid  consisting 

*  Following  the  best  French  writers,  we  use  the  term  spheroid  to  designate 
any  surface  dififering  very  little  from  spherical  figure.  The  commoner  English 
usage  of  confining  it  to  an  ellipsoid  symmetrical  round  an  axis,  and  of  extend- 
ing it  to  such  figures  though  not  approximately  spherical  is  bad. 
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of  approximately  spherical  layers  of  equal  density.  XJlti-  ciairaufs 
mately  Stokes*  pointed  out  that,  only  provided  the  surfaces  of 
equilibrium  relative  to  gravitation  alone,  and  relative  to  the 
resultant  of  gravitation  and  centrifugal  force,  are  approximately 
spherical ;  whether  the  surfaces  of  equal  density  are  approxi- 
mately spherical  or  not,  the  same  expression  (19)  holds.  A 
most  important  practical  deduction  from  this  conclusion  is  that,  Figure  of 

the  SG£l  ltiV6l 

irrespectively  of  any  supposition  regarding  the  distribution  of  determin- 

.  _  ,,  ,  able  from 

the   earth  s   density,  the   true   nsfure  ot   the  sea  level  can  be  measure- 

,  -in  11  1-  1  -1  ments  ot 

determined  from   pendulum   observations   alone,  without   any  gravity; 
hypothesis  as  to  the  interior  condition  of  the  solid. 

Let,  for  brevity, 

g{l+^m(}-cos'e)}=f{e,4>)  (21) 

where  m  (§  801)  is  o-^^,  and  g  is  known  by  observation  in  differ- 
ent localities,  with  reduction  to  the  sea  level  according  to  the 
square  of  the  distance  from  the  earth's  centre  (not  according  to 
Young's  rule).  Let  the  expansion  of  this  in  spherical  surface 
harmonics  be 

f{0,  <f>}  =  /o  +/.  (0,  i>)  +A  (^.  </>)  +  etc (22). 

We  have,  by  (19), 

F^ie,4>)  =  Y^^) (23), 

and  therefore  the  equation  (5)  of  the  level  surface  becomes 


r 


=  a[l+j.[hfAO,  i>)  ^ys{0,<l>)  +  ete.]^j  (24). 


Confiniu"  our  attention  for  a  moment  to  the  first  two  terms  we 


■'o 


have  for/o,  by  App.  B.  (38),  explicitly 
f-2  (^>  ^) =^  0  (cos^d  -  ^)  +  (iii  cos  0  +  Bj  sin  <f>)  sin  ^  cos  5  +  (A^  cos  2<p  +  B^  sin  2<p)  ?iu-^. . .  (25). 
Substituting  in  (24)  squared,  putting 

£/  O'  ')/ 

cos6  =  -,  shi^cos(i  =  -,  sin^sin<i  =  -, 
r  r  r 

and  reducing  tu  a  convenient  form,  we  find 
Oo  +  Mo-^2)a;*+(/o  +  Mo  +  ^2)y'+(/o-Po)2--jBi2/^-^i2X-2B2^y=/ja2..(26). 

*  "On  the  Yariation  of  Gravity  at  the  surface  of  the  Earth." — Trans,  of  the 
Camb.  Phil.  Soc,  1849. 
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If  ellipsoid  Now  from   §§   539,  534,  we  see  tliat,  if   OX,  OY,  OZ  are 

unequaT  jtrincipal  axes  of  inertia,  the  terras  of  f^  which,  expressed  in 

"ve'oneof  rectangular  co-ordinates,  involve  the  products  yz,  zx,  xy  must 

ci'JenrwTt'h  disappear:  that  is  to  say,  we  must  have  .5,  =  0,  ^,  =  0,  i?,  =  0. 

revolution.  ^"*'  whether  B^  vanishes  or  not,  if  OZ  is  a  ]»nncipal  axis  we 

must  have  both  .^,  =  0  and  £,  =  0;  which  therefore  is  the  case, 

to  a  very  minute  accuracy,  if  we  choose  for  OZ  the  average 

axis  of  the  earth's  rotation,  as  will  be  proved  in  Vol.  ii.,  on  the 

assumption  rendered   probable    by  the  reasons  adduced  below, 

that  the  earth  experiences  little  or  no  sensible  disturbance  in  its 

motion  from  want  of  perfect  rigidity.    Hence  the  expansion  (22) 

is  reduced  to 

/(0,c^)  =  /^+^„(cos^e-^)  +  (^,cos2<^  +  5,sin2«^)sin^^+/a(^,^)  +  etc---(27). 

If  /g  (^,  </))  and  higher  terms  are  neglected  the  sea  level  is  an 
ellijtsoid,  of  which  one  axis  must  coincide  with  the  axis  of  the 
earth's  rotation.  And,  denoting  by  e  the  mean  ellipticity  of 
meridional  sections,  e  the  ellipticity  of  the  equatorial  section, 
and  /  the  inclination  of  one  of  its  axes  to  OX,  we  have 

Jo  Jo  ^f 

Tn  general,  the  constants  of  the  expansion  (22);/,  (being  the 
mean  force  of  gravity),  ^4^,  .4,,  B„  the  seven  coefficients  in 
j\(e,  <f>),  the  nine  in /,  (6i,  «/>),  and  so  on;  are  to  be  determined 
from  sufficiently  numerous  and  wide-spread  observations  of  the 
amount  of  gravity. 

Figure  of         796.     A  first  approximate  result  thus  derived  from   pendu- 

detei^.n-'^'  lum  observations  and  confirmed  by  direct   geodetic   measure- 

mislJJT     ments  is  that  tlie  figure  of  the  sea  level  approximates  to  an 

^vltyf      oblate   spheroid    of  revolution  of  ellipticity  about  ,^.     Both 

methods   are   largely   aftected    by   local    irregularities    of   the 

solid  surface  and  underground  density,  to  the    elimination    of 

which  a  vast  amount  of  labour  and  mathematical  ability  have 

been  applied,  with  as  yet  but  partial  success.     Considering  the 

general  disposition  of  the  great  tracts  of  land  and  ocean,  we 

can  scarcely  doubt  that  a  careful  reduction  of  the  numerous 

accurate  pendulum  observations  that  have  been  made  in  locali- 
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ties  widely  spread  over  the  earth*  will  lead  to  the  determina-  Figure  of 

tll6  BCii  i6V6l 

tion  of  an  ellipsoid  with  three  unequal  axes  coinciding  more  determin- 
nearly  on  the  whole  with  the  true  figure  of  the  sea  level  than  measure- 
does  anv  spheroid  of  revolution.     Until  this  has  been  either  ac-  gravity; 

•^      '■  ■ .  .  .  .  rendered 

complished  or  proved  impracticable  it  would  be  vain  to  specu-  difficult  by 
,  ,..,.  ..  .  loca'  uregu- 

late  as  to  the  possibility  of  obtainmg,  from  attainable  data,  a  larities. 

yet  closer  approximation  by  introducing  a  harmonic  of  the  third 
order  [f^{d,  (f))  in  (27j].  But  there  is  little  probability  that 
harmonics  of  the  fourth  or  higher  orders  will  ever  be  found 
useful :  and  local  quadratures,  after  the  example  first  set  by 
Maskelyue  in  his  investigation  of  the  disturbance  produced  by 
Schehailien,  must  be  resorted  to  in  order  to  interpret  irregulari- 
ties in  particular  districts  ;  whether  of  the  amount  of  gravity 
shown  by  the  pendulum ;  or  of  its  direction,  by  geodetic  observa- 
tion. We  would  only  remark  here,  that  the  problems  presented 
by  such  local  quadratures  with  reference  to  the  amount  of  gravity 
seem  about  as  much  easier  and  simpler  than  those  with  refer- 
ence to  its  direction  as  pendulum  observations  are  than  geodetic 
measurements :  and  that  we  expect  much  more  knowledge  re- 
garding the  true  figure  of  the  sea  level  from  the  former  than 
from  the  latter,  although  it  is  to  the  reduction  of  the  latter 
that  the  most  laborious  efforts  have  been  hitherto  applied.  We 
intend  to  return  to  this  subject  in  Vol.  II.  in  explaining,  under 
Properties  of  Matter,  the  practical  foundation  of  our  knowledge 
of  gravity. 

797.     Since  1860  geodetic  work  of  extreme  importance  has  Results  of 

ETC  Otic  sy. 

been  in  progress,  through  the  co-operation  of  the  Govern- 
ments of  Prussia,  Russia,  Belgium,  France,  and  England,  in 
connecting  the  triangulation  of  France,  Belgium,  Russia,  and 
Prussia,  which  were  sufficiently  advanced  for  the  purpose  in 
1860,  with   the   principal  triangulation   of   Great  Britain  and 

•  In  1672,  a  pendulum  conveyed  by  Eicher  from  Paris  to  Cayenne  first 
proved  variation  of  gravity.  Captain  Kater  and  Dr  Thomas  Young,  Trans.  R.  S., 
1819.  Biot,  Arago,  Matliieu,  Bouvard,  and  Chaix;  Base  du  Systeme  Metrique, 
Vol.  III.,  Paris,  1821.  Captain  Edward  Sabine,  R.E.,  "Experiments  to  deter- 
mine the  Figure  of  the  Earth  by  means  of  the  Pendulum;"  pubhshed  for  the 
Board  of  Longitude,  London,  1825.  Stokes  "On  the  Variation  of  Gravity  at  the 
Surface  of  the  Earth."— Cami.  Phil.  Trans.,  1849. 
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Results  of    Ireland,  which    had    been    finished    in  1851.     With  reference 

Kcotlcsy. 

to  this  work,  General  Sir  Henry  James  made  the  following 
remarks : — "  Before  the  connexion  of  the  triangulation  of  the 
"  several  countries  into  one  great  network  of  triangles  extend- 
"ing  across  the  entire  breadth  of  Europe,  and  before  the  dis- 
"  covery  of  the  Electric  Telegraph,  and  its  extension  from 
"  Valentia  (Ireland)  to  the  Ural  mountains,  it  was  not  possible 
"  to  execute  so  vast  an  undertaking  as  that  which  is  now  in 
"  progress.  It  is,  in  fact,  a  work  which  could  not  possibly 
'•  have  been  executed  at  any  earlier  period  in  the  history 
"  of  the  world.  The  exact  determination  of  the  Figure  and 
"  Dimensions  of  the  Earth  has  been  one  great  aim  of  astrono- 
"  mers  for  upwards  of  two  thousand  years  ;  and  it  is  fortunate 
"  that  we  live  in  a  time  when  men  are  so  enlightened  as  to 
"  combine  their  labours  to  effect  an  object  which  is  desired  by  all, 
"  and  at  the  first  moment  when  it  was  possible  to  execute  it." 

For  yet  a  short  time,  however,  we  must  be  contented  with 
the  results  derived  from  the  recent  British  Triangulation,  with 
the  separate  measurements  of  arcs  of  meridians  in  Peru,  France, 
Prussia,  Russia,  Cape  of  Good  Hope,  and  India.  The  investiga- 
tion of  the  ellipsoid  of  revolution  agreeing  most  nearly  with 
the  sea  level  for  the  whole  Earth,  has  been  carried  out  with 
remarkable  skill  by  Captain  (now  Colonel)  A.  R.  Clarke,  R.E., 
and  published  in  1858,  by  order  of  the  Master  General  and 
Board  of  Ordnance  (in  a  volume  of  780  pages,  quarto,  almost 
every  page  of  which  is  a  record  of  a  vast  amount  of  skilled 
labour).  The  following  account  of  conclusions  subsequently 
worked  out  regarding  the  ellipsoid  of  three  unequal  axes  most 
nearly  agreeing  with  the  sea  level,  is  extracted  from  the  preface 
to  another  volume  recently  published  as  one  item  of  the  great 
work  of  comparison  with  the  recent  triangulations  of  other 
countries*: — 

"In   computing    the   figures   of  the   meridians   and   of  the 

*  "Comparisons  of  the  Standards  of  Length  of  England,  France,  Belgium, 
Prussia,  Bussia,  India,  Australia,  made  at  the  Ordnance  Survey  OflBce,  South- 
ampton, by  Captain  A.  K.  Clarke,  K.E.,  under  the  direction  of  Colonel  Sir 
Henry  James,  R.E.,  F.R.S."  Published  by  order  of  the  Secretary  of  State  for 
"War,  18G6. 
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""  equator  for  the  several  measured  arcs  of  meridian,  it  is  found  Results  of 

sjL-odesy. 


"that  the  equator  is  slightly  elliptical,  having  the  longer 
"  diameter  of  the  ellipse  in  15°  34'  east  longitude.  In  the 
"  eastern  hemisphere  the  meridian  of  15°  Si'  passes  through 
"  Spitzbergen,  a  little  to  the  west  of  Vienna,  through  the  Straits 
"  of  Messina,  through  Lake  Chad  in  North  Africa,  and  along 
"  the  west  coast  of  South  Africa,  nearly  corresponding  to  the 
"  meridian  which  passes  over  the  greatest  quantity  of  land  in 
"that  hemisphere.  In  the  western  hemisphere  this  meridian 
"  passes  through  Behring's  Straits  and  through  the  centre  of  the 
"Pacific  Ocean,  nearly  corresponding  to  the  meridian  which 
"  passes  over  the  greatest  quantity  of  water  of  that  hemi- 
"  sphere. 

"  The  meridian  of  105°  34'  passes  near  North-East  Cape,  in 
"  the  Arctic  Sea,  through  Tonquin  and  the  Straits  of  Sunda,  and 
"  corresponds  nearly  to  the  meridian  which  passes  over  the 
"  greatest  quantit}^  of  land  in  Asia ;  and  in  the  western  hemi- 
"  sphere  it  passes  through  Smith's  Sound  in  Behring's  Straits, 
"  near  Montreal,  near  New  York,  between  Cuba  and  St  Do- 
"  mingo,  and  close  along  the  western  coast  of  South  America, 
"  corresponding  nearly  to  the  meridian  passing  over  the  greatest 
"  amount  of  land  in  the  western  hemisphere. 

"  These  meridians,  therefore,  correspond  with  the  most  re- 
"  markable  physical  features  of  the  globe. 

Feet. 

"  The  longest  semi-diameter  of  the  equatorial  ellipse  is  20926350 

"And  the  shortest   20919972 

"  Giving  an  ellipticity  of  the  equator  equal  to  i^ 

"  The  polar  semi-diameter  is  equal  to    20853429 

"  The  maximum  and  minimum  polar  compressions 

"are  — i — and — i— 

28597  31S"38 

"  Or  a  mean  compression  of  very  closely  -^—  " 

r  J  J  3  00* 

Fourteen  years  later  Colonel  Clarke  corrected  this  result  in 
the  following  statement*:  "But  these  are  affected  by  the  error 

*  Extracted  from  pages  308,  309  of  "  Geodesy,"  by  Col.  A.  K.  Clarke,  C.B. 
Oxford.     1880. 
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Results  of  "  in  the  southern  half  of  the  old  Indian  arc.  A  revision  of  this 
"  calculation,  based  on  the  revision  and  extension  of  the  Indian 
"  geodetic  operations,  is  to  be  found  in  the  Philosophical  Maga- 
"  zine  for  August,  1878,  resulting  in  the  following  numbers : 

"  Major  semi-axis  of  equator    (long.  8°.15'   W.)  a  =  20926629 
"  Minor  semi-axis  „  (long.  8r.45'  W.)   6  =  20925105 

"  Polar  semi-axis  „  c  =  20854477 

"  The  meridian  of  the  greater  equatorial  diameter  thus  passes 
"  through  Ireland  and  Portugal,  cutting  ofif  a  small  bit  of  the 
"north-west  corner  of  Africa:  in  the  opposite  hemisphere  this 
"  meridian  cuts  ofif  the  north-east  corner  of  Asia  and  passes 
"  through  the  southern  island  of  New  Zealand.  The  meridian 
"  containing  the  smaller  diameter  of  the  equator  passes  through 
"  Ceylon  on  the  one  side  of  the  earth  and  bisects  North 
"  America  on  the  other.  This  position  of  the  axes,  brought  out 
"  by  a  very  lengthened  calculation,  certainly  corresponds  very 
"  remarkably  with  the  physical  features  of  the  globe — the  dis- 
"  tribution  of  land  and  water  on  its  surface.  On  the  ellipsoidal 
"  theory  of  the  earth's  figure,  small  as  is  the  difiference  between 
"  the  two  diameters  of  the  equator,  the  Indian  longitudes  are 
"  much  better  represented  than  by  a  surface  of  revolution.  But 
"  it  is  nevertheless  necessary  to  guard  against  an  impression 
"  that  the  figure  of  the  equator  is  thus  definitely  fixed,  for  the 
"  available  data  are  far  too  slender  to  warrant  such  a  cou- 
"  elusion." 

Colonel  Clarke  had  previou.^ly  found  (''  Accoimt  of  Principal 
Triangulation,"  1858)  for  the  spheroid  of  revolution  most  nearly 
representing  the  same  set  of  observations,  the  following  : — 

Equatorial  semi-axis  =  a  =  20926002  feet, 
Polar  semi-axis  =  c  =  20855121  feet ; 

c      293-98         ,    ,r  .•    .        «-c  ^ 

whence  -  =  ggj^og  ^  ^"^  elhpticity  =  -^  =  294^3  • 

Colonel  Clai'ke's  twenty- two  years'  labours,  from  1858  to 
1880,  have  led  him  to  but  very  small  corrections  on  these 
results.     In  his  "Geodesy,"  page  319,  he  gives  the  following  as 
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the  most  probable  lengths  of  the   polar  semi-axis  and  of  the  Results  of 
mean  equatorial  semi-axis  of  the  terrestrial  spheroid  so  far  as 
all  observations  and  comparisons  of  standards  up  to  1880  have 
allowed  him  to  judge  : 

a  =  20926202, 

c  =  20854895, 
and  their  ratio 

c      292-465  ,     IV  .•  •.     «-c  1 

,  and  eihpticity 


a     293-465'  '        '      a         293-465 

798.  As  an  instructive  example  of  the  elementary  principles  Hydrostatic 
of  fluid  equilibrium,  useful  also  because  it  includes  the  cele-  resumed, 
brated  hydrostatic  theories  of  the  Tides  and  of  the  Figure  of 
the  Eartb,  let  us  suppose  a  finite  mass  of  heterogeneous  incom- 
pressible fluid  resting  on  a  rigid  spherical  shell  or  solid  sphere, 
under  the  influence  of  mutual  gravitation  between  its  parts, 
and  of  the  attraction  of  the  core  supposed  symmetrical ;  to  be 
shghtly  disturbed  by  any  attracting  masses  fixed  either  in  the 
core  or  outside  the  fluid ;  or  by  force  fulfilling  any  imaginable 
law,  subject  only  to  the  condition  of  being  a  conservative 
system  ;  or  by  centrifugal  force. 

First  we  may  remark  that  were  there  no  such  disturbance 
the  fluid  would  come  to  rest  in  concentric  spherical  layers 
of  equal  density,  the  denser  towards  the  centre,  this  last 
characteristic  being  essential  for  stability,  which  clearly  re- 
quires also  that  the  mean  density  of  the  nucleus  shall  be  not 
less  than  that  of  the  layer  of  fluid  next  it;  otherwise  the 
nucleus  would,  as  it  were,  float  up  from  the  centre,  and  either 
protrude  from  the  fluid  at  one  side,  or  (if  the  gradation  of 
density  in  the  fluid  permits)  rest  in  an  eccentric  position 
completely  covered ;  fulfilling  in  either  case  the  condition 
(§  762)  for  the  equilibrium  of  floating  bodies. 

799      The  eflect  of  the  disturbing  force  could  be  at  once  No  mutual 

.         force  be- 

found   without    analysis   if  there    were    no    mutual   attraction  tween  por- 

■^  .  tionsoftlie 

between  parts  of  the  fluid,  so   that   the   influence  tending  to  liquid, 
maintain  the  spherical  figure  would  be  simply  the  symmetrical 
attraction   of  the   fixed   core.     For  the  equipotential  surfaces 
VOL.  II.  24 
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No  mutual    would  then  be  known  (as  directly  implied  by  the  data),  and 
tween  por-   the  fluid  would  (^  750)  arrange  itself  in  layers  of  equal  density 

tions  of  till'     ,    f,        ,  1  ^       ,. 

liquid:        (leiined  by  these  surfaces. 

Eiampie(i).  800.  Examples  of  ^799. — (1)  Let  the  nucleus  act  according 
to  the  Newtonian  law,  and  be  either  symmetrical  round  a  point, 
or  (§  .')34)  of  any  other  centrobaric  arrangement ;  and  let  the 
disturbing  influence  be  centrifugal  force.  In  Vol.  il.  it  will 
appear,  as  an  immediate  consequence  from  the  elementary 
dynamics  of  circular  motion,  that  kinetic  equilibrium  under 
centrifugal  force  in  any  case  will  be  the  same  as  the  static 
equilibrium  of  the  imaginary  case  in  which  the  same  material 
system  is  at  rest,  but  influenced  by  repulsion  from  the  axis  in 
simple  proportion  to  distance. 

If  z  be  the  axis  of  rotation,  and  w  the  angular  velocity,  the 
components  of  cmitrifiigal  force  (§§  32,  35a,  -59)  are  o>*a;  and 
ta'y.     Hence  the  potential  of  centrifugal  force  is 

reckoned  from  zero  at  the  axis,  and  increasing  in  tlie  direction 
of  the  force,  to  suit  the  convention  (§  485)  adopted  tor  gravita- 
tion potentials.     The  expression  for  the  latter  (§§  491,  534  a.)  is 

A' 

whore  iJ  denotes  the  mass  of  the  nucleus,  and  the  co-ordinates 
are  reckoned  from  its  centre  of  gravity  (§  534)  as  origin.  Hence 
the  "level  surfaces"  (§  -187)  external  to  the  nucleus  are  given 
by  assigning  different  values  to  C  in  the  equation 

V(x-/y-.0"^"''^'^^''°^ (1), 

and  the  fluid  when  in  equilibrium  has  its  layere  of  equal  density 
and  its  outer  boundary  in  these  surfaces.  If  p  be  the  density 
and  p  the  pressure  of  the  fluid  at  any  point  of  one  of  these 
surfaces,  regarded  as  functions  of  C,  we  have  (§  760) 

P  =  jpdC (2). 

Unless  the  fluid  be  held  in  by  pressure  applied  to  its  bounding 
surface,  the  potential  must  increase  from  this  surface  inwards 
(or  the  resultant  of  gravity  and  centrifugal  force,  perpendicular 
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as  it  is  to  the  surface,  must  be  directed  inwards),  as  negative  No  mntuai 
pressure  is  practically  inadmissible.     The  student  will  find  it  an  tween  por- 
interesting  exercise  to  examine  the  circumstances  under  which  liqufd*;  ^  ^ 
this  condition  is  satisfied ;  which  may  be  best  done  by  tracing  Exaraple<i). 
the  meridional   curves  of  the   series  of  surfaces  of  revolution 
given  by  equation  (1). 

Let  a  and  a  (1  —  e)  be  the  equatorial  and  polar  semidiameters 
of  one  of  these  surfaces.     We  have 


E 

— h 
a 

a 

L 

1 
t 

(1 

-e) 

> 

e.-= 

\i^a 

m 

whence  ^'=-WT^^ — T"^  =  o ^"^X 

Eja-  +  hma      2  +  III 

where  m  denotes  the  ratio  of  centrifugal  force  at  its  equator 
to  pure  gravity  at  the  same  place.  (Contrast  approximately 
agreeing  definition  of  m,  §  794.)  From  this,  and  the  form  of 
(1),  we  infer  that 

801.  In  the  case  of  but  small  deviation  from  the  spherical 
figure,  which  alone  is  interesting  with  reference  to  the  theory 
of  the  earth's  figure  and  internal  constitution,  the  bounding 
surface  and  the  surfaces  of  equal  density  and  pressure  ai-e  very 
approximately  oblate  ellipsoids  of  revolution*;  the  ellipticityt 
of  each  amounting  to  half  the  ratio  of  centrifugal  force  in  its 
largest  circle  (or  its  equator,  as  we  may  call  this)  to  gravity  at 
any  part  of  it ;  and  therefore  increasing  from  surface  to  surface 
outwards  as  the  cubes  of  the  radii.  The  earth's  equatorial  radius 
is  20,926,000  feet,  and  its  period  (the  sidereal  day)  is  86,164 
mean  solar  seconds.  Hence  in  British  absolute  measure  (§  225) 
the  equatorial  centrifugal  force  is  (27r/86164)'''  x  20926000,  or 
•11127.  This  is  -^  of  82158 ;  or  very  approximately  the  same 
fraction  of  the  mean  value,  32"14,  of  apparent  gravity  over  the 

*  Airy  has  esthnated  24  feet  as  the  greatest  deviation  of  the  bounding  surface 
from  a  true  ellipsoid. 

+  A  term  used  by  writers  on  the  figure  of  the  earth  to  denote  the  ratio  which 
the  difference  between  the  two  axes  of  an  eUipse  bears  to  the  greater.  Thus  if  e 
be  the  ellipticity,  and  « the  eccentricity  of  an  ellipse,  we  have  i-  —  2e-  e".  Hence, 
when  the  eccentricity  is  smaU,  the  ellipticity  is  a  small  quantity  of  the  same 
order  as  its  square;  and  the  former  is  equal  approTsimately  to  the  square  root  of 
twice  the  latter. 

24—2 
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Eiiiuipk'(l)- 


No  mutual   whole  sea  level,  as  determined  by  pendulum  observations.     It  is 
(w^n  por-   therefore  [§  794  (20)]  — ^— ,  or  approximately  ^,  of  the  mean 

tioMsorihe  '-'^  289  88 

liquid:  value  of  true  gravitation.  Hence,  if  the  solid  earth  attracted 
merely  as  a  point  of  matter  collected  at  its  centre,  and  there 
were  no  mutual  attraction  between  the  different  parts  of  the  sea» 
the  sea  level  would  be  a  spheroid  of  ellipticity  j^.  In  reality, 
we  find  by  ob.servation  that  the  ellipticity  of  the  spheroid 
of  revolution  which  most  nearly  coincides  with  the  sea  level  is 
about  Tj^.  The  difference  between  these,  or  ^,  must  therefore 
be  due  to  deviation  of  true  terrestrial  gravity  from  spherical 
symmetry.  Thus  the  whole  ellipticity  of  the  actual  sea  level, 
^,  may  be  regarded  as  made  up  of  two  nearly  equal  parts; 
of  which  the  greater,  ^,  is  due  directly  to  centrifugal  force, 
and  the  less,  ^,  to  deviation  of  solid  and  fluid  attracting 
mass  from  any  truly  centrobaric  arrangement  (§  534).  A  little 
later  (§§  820,  821)  we  shall  return  to  this  subject. 

802.     The  amount  of  the  resultant  force  perpendicular  to 
the  free  surface  of  the  fluid  is  to  be  found  by  compounding 
the  force  of  gravity  towards  the  centre  with   the   centrifugal 
force  from  the  axis ;    and  it  will  be  approximately  equal  to 
the  former  diminished  by  the  component  of  the  latter  along 
it,  when   the   deviation   from   spherical  figure  is  small.     And 
as  the  former   component   varies    inversely  as   the   square   of 
the  distance  from  the  centre,  it  will  be  less  at  the  equator  than 
at  either  pole  by  an  amount  which  bears  to  either  a  ratio  equal 
to  twice  the  ellipticity,  and  which  is  therefore  (§  801)  equal  to 
the  centrifugal  force  at  the  equator.     Thus  in  the  present  case 
half  the   difference   of    apparent   gravity   between    poles   and 
equator  is  due  to  centrifugal  force,  and  half  to  difference  of 
di.stance  from  the   centre.     The  gradual  increase  of  apparent 
gravity  in  going  from  the  equator  towards  either  pole  is  readily 
proved  to  be  as  the  square  of  the  sine  of  the  latitude ;   and 
this  not  only  for  the   result  of  the  two   combined   causes   of 
variation,  but  for  each  separately.     These  conclusions  needed, 
however,  no  fresh  proof,  as  they  constitute  merely  the  appli- 
cations  to   the   present  case,   of  Clairaut's   general   theorems 
demonstrated  above  (§  705). 


802.]  STATICS.  373 

Analytically,  for  the  present  case,  we  have  No  mutual 

force  be- 
1 Y  tweeii  por- 

_  _  ^^  '  tions  of  the 

y-      dr  "'!""*  = 

Example  (1). 

if  g  denote  the  magnitude  of  the  resultant  of  true  gravity  and 

centrifugal  force ;  -j-  [as  in  App.  B.  ((/)]  rate  of  variation  per 

unit  of  length  along  the  direction  of  r ;  and  V  the  first  member 
of  (1)  §  800.  Hence  taking  z'  =  r'cos^O,  and  ocr  +y-  =  r'sirrO  we 
find 

B 

g  =  —2-  wVsin^^ (-i). 

On  the  hypothesis  of  infinitely  small  deviation  from  spherical 


figure  this  becomes 


^  =  — 2  (1  -  '2u)  -  (jjra  sin^  0 (5), 


a 


if  in  the  small  term  we  put  a,  a  constant,  for  r,  and  in  the  other 
r  =  a(l  +ti).  By  (1)  we  see  that  £/C  is  an  approximate  value 
for  r,  and  if  we  take  it  for  a,  that  equation  gives 


(li-a^ 


ti^h^-sin'B (G); 

and  using  this  in  (5)  we  have 

^  =  |(l-2'^%in'^^)  =  J(l-2msin^^) (7), 

where,  as  before,  m  denotes  the  ratio  of  equatorial  centrifugal 
force  to  gravity. 

803.     Examples  of  §  799  continued. — (2)    The  nucleus  being  Example (2). 
held  fixed,  let  the  fluid  on  its  surface  be   disturbed    by  the 
attraction  of  a  very  distant  fixed  body  attracting  according  to 
the  Newtonian  law. 

Let  r,  $  be  polar  co-ordinates  referred  to  the  centre  of  gravity  of 
the  nucleus  as  origin,  and  the  line  frmi  it  to  the  disturbing  body 
as  axis  ;  let,  as  before,  E  be  the  mass  of  the  nucleus  ;  lastly,  let 
M  be  the  mass  of  the  disturbing  body,  and  D  its  distance  from 
the  centre  of  the  nucleus.  The  equipotentials  have  for  their 
equation 

^  -^ 

— I-     ,-  r,, — T— r; 7i 57  =  const (b). 
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No  mutual  -vvhicli,  for  very  small  values  of  r/Z>,  becomes  approximately 

force  be-  •' 

tween  por- 
tions of  the  E      M  f  r  \ 

liquid:  -  +  -t-  (  1  +  y-  cosd)  =  const (9). 

Example(2X  T        D  \         D  J 

And  if,  as  in  corresponding  cases,  we  put  r  =  a  (1  -t-u)  where  a 
is  a  ])roper  mean  value  of  r,  and  u  is  an  infinitely  small 
numerical  quantity,  a  function  of  ^,  we  huve  finally 

u  =  f^,cose  (10). 

Tills  is  a  spherical  surface  harmonic  of  the  first  order,  and 
(§  789)  we  conclude  that 

The  fluid  will  not  be  disturbed  from  its  spherical  figure,  but 
it  will  be  drawn  towards  the  disturbing  body,  so  that  its  centre 
will  deviate  from  the  centre  of  the  nucleus  by  a  distance 
amounting  to  the  same  fraction  of  its  radius  that  the  attraction 
of  the  disturbing  body  is  of  the  attraction  of  the  nucleus,  on  a 
point  of  the  fluid  surface.     This  fraction  is  about  ^(^^(^(^(,  (being 

— 1 — )  for  the  earth  and  moon,  as  the  moon's  distance  is  60 

8.3x60x60' 

times  the  earth's  radius,  and  her  mass  about  ^  of  the  earth's. 
Hence  if  the  earth's  and  moon's  centres  were  both  held  fixed, 
there  would  be  a  rise  of  level  at  the  point  nearest  to  the  moon, 
and  fall  of  level  at  the  point  farthest  from  it,  each  equal  to 
TTTi/jnny  ®^  ^^^®  earth's  radius,  or  about  70  feet.  Or  if  we  con- 
sider the  sun's  influence  under  similar  imreal  circumstances, 
we  should  have  a  tide  of  12,500  feet  rise  on  the  side  next 
the  sun,  and  the  same  fall  on  the  remote  side;  12,500  feet 
being  (S  812)  — r-*-„.  of  the  sim  s  distance. 

o  ^"S  '   39  IxlO* 

Exampicfor  804.  Examples  of  §  70i>  continued. — (3)  With  other  con- 
ditions, the  same  as  in  Example  (2)  (§  803),  let  one-half  of 
the  disturbing  body  be  removed  and  fixed  at  an  equal  distance 
on  the  otlier  side. 

The  equation  of  the  equipotentials,  instead  of  (8),  is  now 

E 


r 


^'^^[^(Z>'-2rZ>cose-hr') ""  J{D'^2rDco^d-^i^)\  -<^o"st....(ll), 
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and  as  the  first  approximation  when  rlD  is  treated  as  very  small,  Example  for 
^^  '  ''  'tides: 


instead  of  (9),  we  now  have 

E     M 

r^  D 


r' 


l  +  i7p(3cos''e-l) 


D 


=  const (12); 


whence  finally,  instead  of  (10),  with  corresponding  notation  ; 

^  =  i^!(3cos''e-l) (13). 

This  is  a  spherical  surface  harmonic  of  the  second  order,  and 
Ma^lED^  is  one-quarter  of  the  ratio  that  the  difference  between 
the  moon's  attraction  on  the  nearest  and  farthest  parts  of  the 
earth  bears  to  terrestrial  gravity.     Hence 

The  fluid  will  be  disturbed  into  a  prolate  ellipsoidal  figure,  resuUagrees 
with  its  long  axis  in  the  line  joining  the  two  disturbing  bodies,  naryequi- 
and  with  ellipticity  (§  801)  equal  to  f  of  the  ratio  which  the  theory, 
difference  of  attractions  of  one  of  the  disturbing  bodies  on  the 
nearest  and  farthest  points  of  the  fluid  surface  bears   to   the 
surface  value  of  the  attraction  of  the  nucleus.     If,  for  instance, 
we  suppose  the  moon  to  be  divided  into  two  halves,  and  these 
to  be  fixed  on  opposite  sides  of  the  earth  at  distances  each 
equal  to  the  true  moon's  mean  distance ;  the  ellipticity  of  the 
disturbed  terrestrial  level  would  be  — - — ^ ,  or  1 ;  results  of' 

2x60x300000'  12,000,000  '  ordinarv 

and  the  whole  difference  of  levels  from  highest  to  lowest  would  equilibrium 

.  theory. 

be  about  If  feet.  We  shall  have  much  occasion  to  use  this 
hypothesis  in  Vol.  Ii.,  in  investigating  the  kinetic  theory  of  the 
tides.  We  shall  see  that  it  (or  some  equivalent  hypothesis)  is 
essential  to  Laplace's  evanescent  diurnal  tide  on  a  solid  spheroid 
covered  with  an  ocean  of  equal  depth  all  over;  but,  on  the 
other  hand,  we  find  presently  (§  814)  that  it  agrees  very  closely 
with  the  actual  circumstances  so  far  as  the  foundation  of  the 
equilibrium  theory  is  concerned. 

805.  The  rise  and  fall  of  water  at  any  point  of  the  earth's 
surface  we  may  now  imagine  to  be  produced  by  making  these 
two  disturbing  bodies  (moon  and  anti-moon,  as  we  may  call 
them  for  brevity)  revolve  round  the  earth's  axis  once  in  the 
lunar  twenty-four  hours,  with  the  line  joining  them  always 
inclined  to  the  earth's  equator  at  an  angle  equal  to  the  moon's 
declination.     If  we  assume  that  at  each  moment  the  condition 
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of  hydrostatic  equilibrium  is  fulfilled;  that  is,  that  the  free 
liquid  surface  is  perpendicular  to  the  resultant  force,  we  have 
what  is  called  the  "equilibrium  theory  of  the  tides." 

SfTrdma^  806.  But  even  on  this  equilibrium  theory,  the  rise  and  fall 
tSS"""  ^*  ^"^  P^^^®  would  be  most  falsely  estimated  if  we  were  to  take  it, 
as  we  believe  it  is  generally  taken,  as  the  rise  and  fall  of  the  sphe- 
roidal surface  that  would  bound  the  water,  if  none  of  the  solid 
were  uncovered,  that  is  if  there  were  no  dry  land.  To  illustrate 
this  statement,  let  us  imagine  the  ocean  to  consist  of  two  circular 
lakes  A  and  B,  with  their  centres  90°  asunder,  on  the  equator, 
communicating  with  one  another  by  a  narrow  channel.  In  the 
course  of  the  lunar  twelve  hours  the  level  of  lake  A  would 
rise  and  fall,  and  that  of  lake  B  would  simultaneously  fall  and 
rise  to  maximum  deviations  from  the  mean  level.  If  the  areas 
of  the  two  lakes  were  equal,  their  tides  would  be  equal,  and 
would  amount  in  each  to  about  one  foot  above  and  below  the 
mean  level ;  but  not  so  if  the  areas  were  unequal.  Thus,  if 
the  diameter  of  the  greater  be  but  a  small  part  of  the  earth's 
quadrant,  not  more,  let  us  say,  than  20",  the  amounts  of  the 
rise  and  fall  in  the  two  lakes  will  be  inversely  as  their  areas 
to  a  close  degree  of  approximation.  For  instance,  if  the  dia- 
meter of  B  be  only  -^  of  the  diameter  of  A,  the  rise  and  fall  in 
A  will  be  scarcely  sensible ;  while  the  level  of  B  will  rise  and 
fall  by  about  two  feet  above  and  below  its  mean ;  just  as  the 
rise  and  fall  of  level  in  the  open  cistern  of  an  ordinary  barometer 
is  but  small  in  comparison  with  the  fall  and  rise  in  the  tube. 
Or,  if  there  be  two  large  lakes  A,  A'  at  opposite  extremities 
of  an  equatorial  diameter,  two  stnall  ones  B,  B  at  two  ends  of 
the  equatorial  diameter  perpendicular  to  that  one,  and  two 
small  lakes  C,  C  at  two  ends  of  the  polar  axis,  the  largest  of 
these  being,  however,  still  supposed  to  extend  over  only  a 
small  portion  of  the  earth's  surface,  and  if  all  the  six  lakes 
communicate  with  one  another  freely  by  canals,  or  under- 
ground tunnels,  there  will  be  no  sensible  tides  in  the  lakes 
A  and  A' ;  in  B  and  B  there  will  be  high  water  of  two  feet 
above  mean  level  when  the  moon  or  anti-moon  is  in  the 
zenith,  and  low  water  of  two  feet  below  mean  when  the  moon 
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is  risins  or  settine :  and  at  C  and  C  there  will  be  tides  rising  CorrecHon 

o  ^  '  'r  of  ordinary 

and  fallinsf  one  foot  above  and  below  the  mean,  the  time  of  pquiiibrium 

....     theory. 

low  water  being  when  the  moon  or  anti-moon  is  in  the  meri- 
dian of  A,  and  of  high  water  when  they  are  on  the  horizon  of 
A.  The  simplest  way  of  viewing  the  case  for  the  extreme 
circumstances  we  have  now  supposed  is,  first,  to  consider  the 
spheroidal  surface  that  would  bound  the  water  at  any  moment  if 
there  were  no  dry  land,  and  then  to  imagine  this  whole  surface 
lowered  or  elevated  all  round  by  the  amount  required  to  keep 
the  height  at  A  and  A'  invariable.  Or,  if  there  be  a  large  lake 
A  in  any  part  of  the  earth,  communicating  by  canals  with  small 
lakes  over  various  parts  of  the  surface,  having  in  all  but  a 
small  area  of  water  in  comparison  with  that  of  A,  the  tides  in 
any  of  these  will  be  found  by  drawing  a  spheroidal  surface  of 
two  feet  difference  between  greatest  and  least  radius,  and,  with- 
out disturbing  its  centre,  adding  or  subtracting  from  each  radius 
such  a  length,  the  same  for  all,  as  shall  do  away  with  rise  or 
fall  at  A. 

807.  It  is,  however,  only  on  the  extreme  supposition  we  have  The  tides, 
made,  of  one  water  area  much  larger  than  all  the  others  taken  traction  of 
together,   but   yet   itself    covering    only  a    small   part   of   the  neglected: 
earth's  curvature,  that  the  rise  and  fall  can  be  nearly  altogether  of  theordi- 
obliterated  in  one  place,  and  doubled  in  another  place.     Taking  u'brium 
the  actual  figure  of  the  earth's  sea-surface,  we  must  subtract  a 
certain  positive  or  negative  quantity  a  from  the  radius  of  the 
spheroid  that  would  bound  the  water  were  there  no  land,   a 

being  determined  according  to  the  moon's  position,  to  fulfil 
the  condition  that  the  volume  of  the  water  remains  unchanged, 
and  being  the  same  for  all  points  of  the  sea,  at  the  same  time. 
Many  w-riters  on  the  tides  have  overlooked  this  obvious  and 
essential  principle;  indeed  we  know  of  only  one  sentence* 
hitherto  published  in  which  any  consciousness  of  it  has  been 
indicated. 

808.  The  quantity  a  is  a  spherical  harmonic  function  of  the 
second  order  of  the  moon's  declination,  and  hour-angle   from 

•  •'  Kigidily  of  the  Earth,"  §  17,  Fhil.  Trans.,  1862. 
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The  tides,    the  meridian   of  Greenwich,  of  which   the   five  constant   co- 

mutiml  «r>.  -i  1  r>  •/•iii 

attraction  of  efficients  depend  merely  on  the  confacruration  ot  land  and  water, 

the  waters  ^  ...  ,     ,  .,  i    i        • 

neKiwt«d:    and    mav   be   easily   estimated    by   neces.sanlv    very   laborious 

corrected  "^  •'  ,      •        ,     /  ,  •    *  •  r 

equilibrium  quadratures,  with  data  derived  from   the   inspection   of  good 
maps. 

Let  as  above 

r  =  a(l+w) (U) 

be  the  spheroidal  level  that  would  bound  the  water  were  the 
whole  solid  covered  ;  u  being  given  by  (13)  of  §  80-t.  Thus,  if 
jjd(T  denote  surface  integration  over  the  wliole  surface  of  the 
sea,  ajjuda-  expresses  the  addition  (positive  or  negative  as  the 
case  may  be)  to  the  volume  required  to  let  the  water  stand  to 
this  level  everywhere.  To  do  away  with  this  change  of  volume 
we  must  suppose  the  whole  surface  lowei'ed  equally  all  over  by 
such  an  amount  a  (positive  or  negative)  as  shall  equalize  it. 
Hence  if  fi  be  the  whole  area  of  sea,  we  have 

a  =  g//^«^- (15). 

And  x  =  r-a  =  all  +u-  r^jJuda-[ ' »,1G), 

is  the  corrected  equation  of  the  level  spheroidal  surface  of  the 
sea.     Hence 

h  =  a\u-yjuda] (17), 

where  h  denotes  the  height  of  the  surface  of  the  sea  at  any 
place,  above  the  level  which  it  would  tiike  if  the  moon  were 
removed. 


To  work  out  (15),  put  first,  for  brevity, 


^=ilrTr» (18) 


and  (13)  becomes 

w=T(cos«d-^) (19). 

Now  let  I  and  X  be  the  geographical  latitude  and  west  longitude 
of  the  place,  to  which  k  corresj>onds ;  and  ip  and  8  the  moon's 
liour-angle  from  the  meridian  of  Greenwich,  and  her  declination. 
As  6  is  the  moon's  zenith  distance  at  the  pla<;e  (corrected  for 
parallax),  we  have  by  spherical  trigonometry 

cos  6  =  cos  I  cos  8  cos  {k-\J/)  +  sin  /  sin  o ; 
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which  gives 


Scos^^  -  l  =  §cos2Zcos"ocos2(\-  i/')+6sinZcosZsin5cos5cos(X-  ^J-)  +  ^(3sin=5  -  l)(3sin'-7  -  1){20). 
Hence  if  we  take  'B,  U,  &,  33,  C;  to  denote  five  integrals  depend-  The  tides, 


mutual 


ing  solely  on  the  distribution  of  laud  and  water,  expressed  a,s  attraction  of 
follows : 

1 


^  =  -  J/cos"  I  COS  2Xdcr, 


23  =  ^  //cos^  I  sin  2\da; 


®  =  ^  Jfsm  I  cos  I  cos  Xda-,  B  =  -  //sin  I  cos  /  sin  AcZtr, 


O- 


the  waters 
neglected : 
corrected 
equilibrium 
theory. 


(21)*, 


O 

^=l//(3sin^Z-l)(f(7, 

where  of  course  do-  =  cos  IdldX, 
we  have 

o  =  j^yjwcZcr==-^ar{fcos'5(acos2!^  +  38sin2i^)-i-Gsin5eos5(£;cos\J'  +  iBsin)/')  +  |(!f(3sin25— 1)}(22). 

This,  used  with  (19)  and  (20)  in  (17),  gives  for  the  full  conclu- 
sion of  the  equilibrium  theory, 

h  =  ^ar  [(co.s'  I  cos  2\  -  a)  cos  2i//  -l-  (cos^  I  sin  2A.  -  33;  sin  2i/^]  cos"  S" 
-i-2aT[(sin^cos^cosX-@)cosi/'-t-(siu  ?  cos ^ sin X- 33)  sin t/'] sin 8 cos 8  [■  (-^^)» 
-f-  l-ar  (3  sin^  ?-  1  -  €?)  (3  sin=  8-1) 

in  which  the  value  of  r  maybe  taken  from  (18)  for  either  the  moon 
or  the  sun  :  and  8  and  if/  denote  the  declination  and  Greenwich 
hour-angle  of  one  body  or  the  other,  as  the  case  may  be.  In  this 
expression  we  may  of  course  reduce  the  semi-diurnal  terms  to 
the  form  A  cos  (2ij/  —  e),  and  the  diurnal  terms  to  A'  cos  (tj/  —  c'). 
Interpreting  it  we  have  the  following  conclusions  : — 

809.  In  the  equilibrium  theory,  the  whole  deviation  of 
level  at  any  point  of  the  sea,  due  to  sun  and  moon  acting  jointly, 
is  expressed  by  the  sum  of  six  terms,  three  for  each  bod}^ 

(1)     The  lunar  or  solar  semi-diurnal  tide  rises  and  falls  in  Lunar  or 

solar  serai- 

proportion  to  a  simple  harmonic  function  of  the  hour-angle  from  diurnaitide. 

the  meridian  of  Greenwich,  having  for  period  180"  of  this  angle  (or 

in  time,  half  the  period  of  revolution  relatively  to  the  earth),  with 

amplitude  varying  in  simple  proportion  to  the  square  of  the  cosine 

of  the  declination  of  the  sun  or  moon,  as  the  case  may  be,  and 

therefore  varying  but  slowly,and  through  but  a  small  entire  range. 

*  [The  numerical  values  of  these  integrals  will  be  found  in  a  paper  by  G.  H. 
Darwin  and  H.  H.  Turner  in  G.  H.  Darwin's  Scientific  Papers,  Vol.  i,  p.  323. 
G.H.  D.] 
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Lnnaror  (2)     The  lunar  or  solar  diurnal  tide  varies  as  a  simple  har- 

sol.irdi-  ^     '  1  o  r 

uraai  tide,    monic  fuHction  of  the  hour-angle  of  period  300,  or  twenty-four 

hours,  with  an  amplitude  varying  always  in  simple  proportion 

to  the  sine  of  twice  the  declination  of  the  disturbing  body,  and 

therefore  changing  from  positive   maximum  to   negative,  and 

back  to  positive  maximum   again,  in   the  tropical*  period  of 

either  body  in  its  orbit. 

i.unnrfort.       (3)     The  lunar  fortnightly  or   solar   semi-annual   tide   is   a 

orsoiiir       variation  on  the  average  height  of  water  for  the  twenty-four 

tide.  '  lunar  or  the  twenty-four  solar  hours,  according  to  which  there 

is  on  the  whole  higher  water  all  round  the  equator  and  lower 

water  at  the  poles,  when  the  declination  of  the  disturbing  body 

is  zero,  than  when  it  has  any  other  value,  whether  north  or 

south;  and  maximum  height  of  water  at  the  poles  and  lowest 

at  the  equator,  when  the  declination  has  a  maximum,  whether 

north  or  south.     Gauss's  way  of  stating  the  circumstances  on 

which  "  secular  "  variations  in  the  elements  of  the  solar  system 

depend   is   convenient   for   explaining   this   component  of  the 

Kxpiana-      lides.     Let  the  two  parallel  circles  of  the  north  and  south  de- 

tu'ii  of  the  .  •  I         J 

lunar  fort-    chuation  of  the  moon  and  anti-moon  at  anv  time  be  drawn  ou 

nightly  and  ;  .  r  y  "        -i  i  » 

solar  semi-  a  ffeoceutric  spherical  surface  of  radius  equal  to  the  moons 

anntiftl  °  ^  ^  ...... 

tides.  distance,  and  let  the  moon's  mass  be  divided  mto  two  halves 

and  distributed  over  them.  As  these  circles  of  matter  gradu- 
ally vary  each  fortnight  from  the  equator  to  maximum  declina- 
tion and  back,  the  tide  produced  will  be  solely  and  exactly  the 
"  fortnightly  tide." 

810.  In  the  equilibrium  theory  as  ordinarily  stated  there 
is,  at  any  place,  high  water  of  the  semi-diurnal  tide,  precisely 
when  the  disturbing  body,  or  its  opposite,  crosses  the  meridian 
of  the  place ;  and  its  amount  is  the  same  for  all  places  in  the 
same  latitude;  being  as  the  square  of  the  cosine  of  the  latitude, 
and  therefore,  for  instance,  zero  at  each  pole.     In  the  corrected 

•  The  tropical  period  is  the  interval  of  time  between  two  successive  passages 
of  the  tide-raising  body  through  the  intersection  of  the  orbit  of  that  body 
with  the  earth's  equator.  In  the  case  of  the  moon  this  intersection  oscillates, 
with  a  period  of  18J  years,  through  about  13*  on  each  side  of  the  first  point  of 
Aries,  as  the  nodes  of  the  lunar  orbit  regrede  ou  the  ecliptic  (see  §  848  a,  b).  In 
the  case  of  the  sun  the  intersection  is  the  first  point  of  Aiies,  which  completes 
its  revolution  in  26,000  years. 
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equilibrium  theory,  high  water  of  the  semi-diurnal  tides  may  The  tides, 
be  either  before  or  after  the  disturbing  body  crosses  the  meri-  traction  of 
dian,  and  its  amount  is  very  different  at  different  places  in  the  neglected: 

.        ,  -    ,  .    ,  .  ^         .       practical 

same  latitude,  and  is  certainly  not  zero  at  the  poles,     in  the  importance 

.....  ,  .  .,  1       of  correction 

ordinarily  stated  equilibrium  theory,  there  is,  nreciselii  at  the  forequiii- 

•^  .        ,  .    ,  1  p     , .  •    .  ,         .      brium  fort- 

time   ot  transit,  high   water  or  low  water  ot   diurnal  tides  in  nightly  and 

.  T  -\  ^      ^^         •  semi-an- 

the  northern  hemisphere,  according  as  the  declination  of  the  nuai  tides, 
body  is  north  or  south ;  and  the  amount  of  the  rise  and  fall  is 
in  simple  proportion  to  the  sine  of  twice  the  latitude,  and  there- 
fore yanishes  both  at  the  equator  and  at  the  poles.  In  the 
corrected  equilibrium  theory,  the  time  of  high  water  may  be 
considerably  either  before  or  after  the  time  of  transit,  and  its 
amount  is  yery  different  for  different  places  in  the  same  lati- 
tude, and  certainly  not  zero  at  either  equator  or  poles.  In  the 
ordinary  statement  there  is  no  lunar  fortnightly  or  solar 
semi-annual  tide  in  the  latitude  85"  16'  (being  sin"^  1/V8), 
and  its  amount  in  other  latitudes  is  in  proportion  to  the  devia- 
tions of  the  squares  of  their  sines  from  the  value  ^.  In  the 
corrected  equilibrium  theory  each  of  these  tides  is  still  the 
same  in  the  same  latitude,  and  vanishes  at  a  certain  latitude, 
and  in  any  other  latitudes  is  in  simple  proportion  to  the  devia- 
tion of  the  squares  of  their  sines  from  the  square  of  the  sine  of 
that  latitude.     But  the  latitude  where  there  is  no  tide  of  this  Latitude  of 

evanescent 

class  is  not  sin"'  (l/\/3),  but  sin-'[V^  (1  -f  (&)],  where  (S  is  the  [^^"^''"^ 
mean  value  of  8sin''^  — 1,  for  the  whole  covered  portion  of  the 
earth's  surface.  In  §  848  c  below  will  be  found  an  approximate 
evaluation  by  means  of  quadratures  of  the  function  (!B,  contri- 
buted by  Mr  G.  H.  Darwin  to  our  present  edition.  The  uncer- 
tainty as  to  the  amount  of  land  in  arctic  and  antarctic  regions 
renders  this  evaluation  to  some  degree  uncertain  ;  but  it  appears 
in  any  case  that  the  distribution  of  the  land  is  such  that  the 
latitude  of  evanescent  fortnightly  tide  is  only  removed  a  little 
to  the  southward  of  35°  16'.  The  computations  show,  in  fact, 
that  this  latitude  is  34!''40'  or  34''57',  according  to  the  assumptions 
made  as  to  the  amount  of  polar  land. 

As  the  fortnightly  and  semi-annual  tides  have  been  supposed 
by  Laplace*  to  follow   in  reality  very  nearly  the  equilibrium 

*  In  our  first  edition  we  undoubtingly  accepted  this  supposition. 
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Jaw,  the  determination  of  the  latitude  of  evanescent  tide  is  a 
matter  of  great  importance.  It  is  moreover  possible  that  careful 
determination  of  the  fortnightly  and  semi-annual  tides  at  various 
places,  by  proper  reductions  of  tidal  observations,  may  contribute 
to  geographical  knowledge  as  to  the  amount  of  water-surface  in 
the   hitherto   unexplored   districts  of  the  arctic  and   antarctic 


regions. 


Spring  and 
neap  tides: 
"  priming" 
and  "  lagfi;- 
ing." 


Discrepancy 
from  ob- 
served re- 
sults, due 
to  inertia 
of  wat€r. 


Lunar  and 
solar  in- 
fluence on 
apparent 
terrestrial 
jrravity. 


811.  The  superposition  of  the  solar  semi-diurnal  on  the 
lunar  semi-diurnal  tide  has  been  investigated  above  as  an 
example  of  the  composition  of  simple  harmonic  motions;  and 
the  well-known  phenomena  of  the  "  spring-tides  "  and  "  neap- 
tides,"  and  of  the  "  priming "  and  "  lagging "  have  been  ex- 
plained (§  60).  We  have  now  only  to  add  that  observation 
proves  the  proportionate  ditference  between  the  heights  of 
spring-tides  and  neap-tides,  and  the  amount  of  the  priming 
and  lagging  to  be  much  less  in  nearly  all  places  than  estimated 
in  §  60  on  the  equilibrium  hypothesis;  and  to  be  very  different 
in  different  places,  as  we  shall  see  in  Vol.  ii.  is  to  be  expected 
fiom  the  kinetic  theory. 

812.  The  potential  expressions  used  in  the  preceding  in- 
vestigation are  immediately  applicable  (§§  802,  804)  to  the 
hydrostatic  problem.  But  it  is  interesting,  in  connexion  with 
this  problem,  to  know  the  amount  of  the  disturbing  influence  on 
ajiparent  terrestrial  gravity  at  any  pomt  of  the  earth's  surface, 
produced  by  the  lunar  or  solar  influence.  We  shall  therefore 
— still  using  the  convenient  static  hypothesis  of  §  804 — deter- 
mine convenient  rectangular  components  for  the  resultjuit  of  the 
two  approximately  equal  and  approximately  opposed  disturbing 
forces  assumetl  in  that  hypothesis.  First,  we  may  remark  that 
these  two  forces  are  approximately  equivalent  to  a  force  equal 
to  their  difference  in  a  line  parallel  to  that  of  the  centres  of 
the  earth  and  moon,  compounded  with  another  perpendicular 
to  this  and  equal  to  twice  either,  multiplied  into  the  cosine 
of  half  the  obtuse  angle  between  them. 

Resolving  each  of  these  components  along  and  perpendicular 
to  the  earth's  radius  through  the  place,  we  obtain,  by  a  process, 
the  details  of  which  we  leave  to  the  student,  the  following  results, 
which  are  stated  in  gravitation  measure: — 
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Vertical  component,  upwards  =  -^3  (3  cos*  ^  -  1)  ...  (23').       solar  in- 

J^-L'  fluence  on 

apparent 

Horizontal  component  =  3 -^tttj  sin  6  cos  6 (23").       gravity. 

The   direction  of  this  component  is    towards  the   point  of  the 
horizon  under  the  moon  or  anti-moon. 

Here,  as  before,  E  and  M  denote  the  masses  of  the  earth  and 
moon,  D  the  distance  between  their  centres,  a  the  earth's  radius, 
and  6  the  moon's  zenith  distance. 

Or  from  the  potential  expression  (12),  by  taking  -^  and  —j^ 

we  find  the  same  expressions. 
The  vertical  component  is  a  maximum  upwards,  amounting  to 

ED^' 
when  the  moon  or  anti-moon  is  overhead;    and   a   maximum 
downwards   of  half  this    amount  when    the    moon    is    on    the 
horizon.     The   horizontal   component   has  its  maximum  value, 
amounting  to  ^  Ma^ 

^  ED^' 
when  the  moon  or  anti-moon  is  45°  above  the  horizon.     Similar 
statements,  of  course,  apply  to  the  disturbing  influence  of  the 
sun.   For  the  moon  Ma^JED^  is  probably  equal  to  about  — ^-^^i, 
or  — — r — -'.  and  the  corresponding  measure  of  the  sun's  intlu- 

1  8  2x  10'  10 

ence   is   very    approximately    (l-|-i)(iO)' — !__j    or    — ^ 


S3'  "^365^    (60-3)''  39-lxl0«" 

Hence,  considering  the  lunar  influence  alone,  we  see  that  as 
the  moon  or  anti-moon  rises  from  the  horizon  to  the  zenith 
of  any  place  on  the  earth's  surface,  the  intensity  of  apparent 
gravity  is  diminished  by  about  one  six-millionth  part :  and 
the  plummet  is  deflected  towards  the  point  of  the  horizon 
under  either  moon  or  anti-moon,  by  an  amount  which  reaches 
its  maximum  value,  r~^^  of  the  unit  angle  (ST^'S),  or  0"017, 
when  the  altitude  is  45°.  The  corresponding  effects  of  solar 
influence  are  of  nearly  half  these  amounts. 

Taking  the  notation  of  §  808  above,  and  using  the  expansion 
(20)  of  that  section,  we  find,  from  (23')  of  the  present,  the  ver- 
tical component  equal  to 
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Lunurnnd  J/ft* 


nu"c"'"on               f  eW  ^*'''^*^  "'"''^  ''"^  2 (X  -  ^)  +  sin  2/  «in  28  cos  (\  -  4,) 
ITrn-Htrid  +  (^  -  sin«/)  (1-3  siu'S)} (23"0. 

(rmvity.  ' 

Further  remarking  that  dhjadl  and  dhja  cos  W\  are  re8j>ectively 
the  northward  and  the  westward  components  of  the  inclina- 
tion of  the  apparent  level  to  the  undisturbed  terrestrial  level, 
we  find  for  the  southward  and  eastward  components  of  the 
horizontal  disturbing  force,  as  given  in  (l23"),  the  following 
expressions : 

\f  ^ 
Southward  component  =  ^  -^  , {sin  21  cos*  S  cos  2 (A, -  i/r) 

—  2  cos  21  sin  28  cos  (X  —  i/r) 

+  sin  2^  (1  -  3  sin*  8)} (23"); 

Ma' 
Eastward    component  =  -^  -77773  {cos  I  cos'  8  sin  2  (X  -  1//) 

-i-sinZsin28sin(X-i/.)} (23'). 

These  formulas  show  how  in  any  one  place  the  three  com- 
ponents of  the  lunar  disturbing  force  vary  in  the  course  of  the 
24  hours.  They  also  show  how  the  lunar  disturbing  force  varies 
in  longer  periods  wlieii  we  consider  them  as  affected  by  the 
monthly  and  fortnightly  variations  of  8  and  D. 

ArtunitiJe-      813.     Examples  of  ^  799  continued. — (4)    All  other  circum- 
innuenoe     stauces  remaininor  as  in  Example  (2),  let  the  two  bodies  be  not 

i-xplaiiicd  °  .... 

by  mothod    fi,\ed,  but  let  them  revolve  111  circles  round  their  common  centre 

ofcrritn- 

fuKuHorce.  of  inertia,  with  angular  velocity  such  as  to  give  centrifugal  force 
to  each  just  equal  to  the  force  of  attraction  it  experiences 
from  the  other. 

Let  the  centre  of  the  earth  be  origin  of  rectangular  co-ordi- 
nntcs,  and  OZ  ])erpendicular  to  the  ])lane  of  the  circular  orbits, 
and  let  OX  revolve  so  as  always  to  pass  through  the  disturbing 
body.  Then,  dealing  with  centrifugal  force  by  the  potential 
method,  as  in  §  794;  for  the  equation  of  a  series  of  surfaces 
cutting  everywhere  at  right  angles  the  resiUtaut  of  gravity  and 
centrifugal  force,  we  find 

-77  1-A iT  +  -rrrn ^^ r--.i  +  *«-"  [(^  -  ^)'  +  y"]  =  const. ...(24), 

■where  <o  denotes  the  angular  velocity  of  revolution  of  the  two 
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bodies  round  their  centre  of  inertia,  and  b  the  distance  of  this  Actual  tide- 
generating 

point  from  the  earth's  centre : — so  that  influence 

^  explained 

Ttf  V  by  method 

3f(D-b)(j)-^EbQy'=^—^ (25).      tM^toroe. 

Hence  -=p-  -  oy'bx  =  0. 

Using  this  in  (24),  expanded  and  dealt  with  generally  as  (12)  in 
Example  (3),  we  see  that  the  first  power  of  x  disappeai'S;  and, 
omitting  terms  of  third  and  higher  orders,  we  have 


F     J//,       ,  3a;- -r- 


(l  +  I  -^")  +  i-^(^^+  yl  -  const (26). 

To  reduce  to  spherical  harmonics  we  have 

and  therefore,  as  according  to  our  aj^proximation  we  may  take 
oi^a'  for  a)V",  we  find  [with  the  notation  r  =  a  (1  +u)  as  above] 

,  Ma  3x--r-  a  „  1 

or  in  polar  co-ordinates  ^  ...,(27). 

w  =  i  ^3  (3  sin^e  cos^<^  -  1)  -  1  *^' (3  cos^^  -  1) 

This  interpreted  is  as  follows : — 

The  surface  of  the  fluid  will  be  a  harmonic  spheroid  of  the 
second  order  [that  is  (§  799),  an  ellipsoid  difi:ering  infinitely 
little  from  a  sphere],  which  we  may  regard  as  the  result  of 
superimposing  on  the  deviation  from  spherical  figure  investi- 
gated in  §  804,  another  consisting  of  the  oblateness  due  to 
rotation  Avith  angular  velocity  co  round  the  diameter  of  the 
earth  perpendicular  to  the  plane  of  the  disturbing  body's  orbit. 
We  may  prove  this  conclusion  with  less  analysis  by  supposing 
the  purely  static  system  of  Example  (3),  §  804,  to  rotate,  first 
with  any  angular  velocity  co,  about  any  diameter  of  the  earth 
perpendicular  to  the  straight  line  through  its  centre  in  which  the 
disturbing  bodies  are  placed ;  and  then  supposing  this  angular 
velocity  to  be  just  such  as  to  balance  the  earth's  attraction  on 
the  two  disturbing  bodies,  so  that  the  holdfasts  by  which  they 
were  prevented  from  falling  together  may  be  removed.  Then 
VOL.  II.  25 
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it  is  easy  to  prove  analytically  that  the  effect  of  carrying  either 
disturbing  body  to  the  other  side,  and  uniting  the  two,  will  be 
a  small  disturbance  in  the  figure  of  the  fluid  amounting  to 
some  such  fraction  of  the  deviation  investigated  in  Example  (3) 
as  the  earth's  radius  is  of  the  distance  of  the  disturber. 

814.  The  purely  static  system  of  Example  (3),  §  804,  gives 
the  simplest  and  most  symmetrical  foundation  for  the  equili- 
brium theor}'  of  the  tides.  The  kinetic  system  of  Example  (4), 
§  813,  is  indeed  not  less  purely  static  in  relation  to  the  earth, 
and  is  equivalent  to  an  absolutely  static  ideal  system  in 
which  repulsion  from  a  fixed  line,  on  parts  of  a  non-rotating 
.system,  is  substituted  for  the  centrifrugal  force  of  the  rotating 
system.  But  it  is  complicated  by  the  oblateness  of  the  fluid 
surface  produced  by  the  centrifugal  force  or  repulsion.  This 
oblateness,  as  we  see  from  §  801,  would  amount  to  as  much  as 
J— ^x  -J-,  or  — .V„„.  being  about  27*8  times  the  ellipticity  of 

(274)*        680  435,000'  ®  f  J 

the  lunar  tide-level  for  the  case  of  the  earth  and  moon.  For  the 
case  of  the  sun  and  earth,  the  corresponding  oblateness  amounts 
only  to  — i-,  X  -^   ,  or  __.-l---^    ,  which  is  only  -\-  of  the  eLlip- 

•^  366'        ftSO'  77,700.000  •'     3  2  ^ 

ticity  of  the  solar  tide-level. 

Augment.!-  815.  When  the  attraction  of  the  fluid  on  itself  is  sensible, 
bymuS  the  disturbance  in  its  distribution  gives  rise  to  a  counter  dis- 
oftiudis'  turbing  force,  which  increases  the  deviation  of  the  equipotential 
water.  surfaces  from  the  spherical  figure.  The  general  hydrostatic 
condition  (§  750),  that  the  surfaces  of  equal  density  must  still 
coincide  with  the  equipotential  suifaces,  thus  presents  an 
exquisite  problem  for  analysis.  It  has  called  forth  from 
Lcgondre  and  Laplace  an  entirely  new  method  in  mathematics, 
commonly  referred  to  by  English  writers  as  "  Laplace's  co- 
ethcients"  or  "  Laplace's  Functions."  The  principles  have  been 
sketched  in  the  second  Appendix  to  our  first  Chapter ;  from 
which,  and  the  suj)plementary  investigations  of  §§  778 — 784, 
we  have  immediately  the  solution  for  the  case  in  which  the 
fluid  is  homogeneous,  and  the  nucleus  (being  a  solid  of  any 
shape,  and  with  any  internal  distribution  of  density,  subject 
only  to  the  condition  that  its  external  equipotential  surfaces 
nre  approximately  spherical)   is   wholly  covered   by  the   fluid. 
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The  conclusion  may  be  expressed  thus: — Let  p  be  the  density  Augmenta- 

i?-Li3'iii  11  tionofresult 

01  the  nuid,  and  let  cr  be  the  mean  density  of  the  whole  mass,  by  mutual 

.  J  ■>  gravitation 

fluid  and  solid.     Let  the  disturbing  influence,  whether  of  ex- ?f  *i'<^/>^- 

p    _  '  turbed 

ternal  disturbing  masses,  or  of  deviation  from  accurate  centre-  '*^*^'"- 
baric  (§  534)  quality  in  the  nucleus,  or  of  centrifugal  force  due 
to  rotation,  be  such  as  to  render  the  level  surfaces  harmonic 
spheroids  of  order  i,  when  the  liquid  is  kept  spherical  by  a 
rigid  envelope  in  contact  with  it  all  round.  The  tendency  of 
the  liquid  surface  would  be  to  take  the  figure  of  that  one  of 
these  level  surfaces  which  encloses  the  proper  volume.  But 
in  changing  its  figure,  if  permitted,  it  would  increase  the 
deviation  of  this  level  surface.  The  result  is,  that  if  the  con- 
straint be  removed,  the  level  surface  of  the  liquid  in  equilibrium 

will  be  a  harmonic  spheroid  of  the  same  type,  but  of  deviation 

from  sphericity  augmented  in  the  ratio  of  1  to  1 ■-/  ^     . 

^  ^       °  (2i  +  l)o- 

Let  the  potential  at  or  infinitely  near  the  bounding  surface  be 

^'-'. 0) 

when  the  liquid  is  held  fixed  in  shape  by  a  spherical  envelope,  of 
radius  a.     lu  these  circumstances 

r 


-A^^^) (2) 


is  the  equipotential  surface  of  mean  radius  a.     If  now  the  bound- 
ing surface  of  the  liquid  be  changed  into  the  harmonic  spheroid 

r  =  «(l+c^,) (3), 

the  potential  (§  543)  becomes  changed  from  (1)  to 

47ro-a'      /,      47rpca"\  „  ,,, 

-37-H^'-2ttt;'^'- w, 

and  the  equipotential  siirface  becomes,  instead  of  (2) 

-"{-(-a.-^.} (')• 

Hence  that  the  boundary  (3)  of   the  liquid  may  be  an  equi- 
potential siuface, 

_3^ 
47ro-a* 


\        2*+  1  /  ^ *' 


25—2 
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which  gives 


whence 


iirca*  =  • 


1 


1  '' 

W- 


1  + 


^"    2TTi 

47rpc«*  1 

"217"!"  " 


1-- 


3p 
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(L'l+1)(T 

Using  this  in  (5),  and  comparing  with  (2),  we  prove  the  pro- 
position. 

816.  The  instability  of  the  equilibrium  in  the  case  in  which 
the  density  of  the  liquid  is  greater  than  the  mean  density 
of  the  nucleus,  already  remarked  as  obvious,  is  curiously 
illustrated  by  the  present  result,  which  makes  the  deviation 
infinite  when  i=  i  and  a-  =  p.  But  it  is  to  be  remarked  that 
it  is  only  when  the  nucleus  is  completely  covered  that  the 
equilibrium  would  be  unstable.  However  dense  the  liquid 
may  be,  there  would  be  a  position  of  stable  equilibrium  with 
the  nucleus  protruding  on  one  side ;  and  if  the  bulk  of  the 
liquid  is  either  very  small  or  very  large  in  comparison  with 
that  of  the  nucleus,  the  figure  of  its  surface  in  stable  equi- 
librium would  clearly  be  approximately  spherical.  Excluding 
tiie  case  of  a  very  small  nucleus  of  lighter  specific  gravity 
(which  would  become  merely  a  small  floating  body,  not  sensibly 
disturbing  the  general  liquid  globe),  we  have,  in  the  apparently 
simple  question  of  finding  the  distribution  of  a  small  quantity 
of  liquid  on  a  symmetrical  spherical  nucleus  of  less  specific 
gravity,  a  problem  which  utterly  transcends  mathematical  skill 
as  hitherto  developed. 

817.  The  cases  of  i  =  1  and  i  =  2  give  the  solutions  of  the 
several  examples  of  §  799  when  the  attraction  of  the  liquid  on 
itself  is  taken  into  account,  provided  always  that  the  solid  is 
wholly  covered.  Thus  [§  799,  Example  (2)]  if  the  earth  and 
moon  were  stopped,  and  each  held  fixed,  the  moon's  attraction 
would  still  not  disturb  the  figure  of  the  liquid  surface  from 
true  sphericity,  but  would  render  it  eccentric  to  a  greater 
degree  than  that  previously  estimated,  in  the  ratio  of  1  to 
1  —  p/a:  For  the  earth  and  sea,  p/a-  is  about  ^Vi  ^^^  therefore 
the  spherical  liquid  surface  would  be  drawn  towards  the  moon 
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by  86  feet,  being  1|  times  the  amount  of  70  feet  found  above  Augmenta- 
(§803).     And  the  tidal  and   rotational    ellipticities    estimated  results  by 
in  §8  800,  814,  813  Avould,  on  the  supposition  now  made,  be  gravitation 
augmented  each  in  the  ratio  of  1  to  1  —  yrcr/p',  or  55  to  49  for  cuiatedfor 

1  ^11  mi  •         /»         1  examples  of 

the  case  of  earth  and  sea.  1  he  true  correction  tor  the  attrac-  §  709. 
tion  of  the  sea,  as  altered  by  tidal  disturbance,  in  the  equi- 
librium theory  of  the  tides,  must  be  less  than  this,  as  the  liquid 
does  not  cover  more  than  about  f  of  the  surface  of  the  solid. 
To  find  the  true  amount  of  the  correction  for  the  attraction  of 
the  water  on  itself  when  the  whole  solid  is  not  covered,  even 
if  the  arrangement  of  dry  land  and  sea  were  quite  symmetrical 
and  simple  (as,  for  instance,  one  circular  continent  and  the  rest 
ocean),  belongs  to  the  transcendental  problem  already  referred 
to  (§  816).  It  can  be  practically  solved,  if  necessary,  by 
laborious  methods  of  approximation ;  but  the  irregular  bound- 
aries of  land  and  sea  on  the  real  earth,  and  the  true  kinetic 
circumstances  of  the  tides,  are  such  as  to  render  nugatory  any 
labours  of  this  kind.  Happily  the  error  committed  in  neglect- 
ing altogether  the  correction  in  question  may  be  safely  esti- 
mated as  less  than  10  per  cent,  (-^^y  being  123  per  cent.),  and 
may  be  neglected  in  our  present  uncertainty  as  to  absolute 
values  of  causes  and  effects  in  the  theory  of  the  tides. 

818.     But   although    the   influence   on   the   tides   produced  Local  influ- 
by  the  attraction  of  the  water  itself  as   it   rises   and   falls   is  w.iter  on " 
not  considerable   even   in   any   one   place;    it   is   a   manifest,  of  gravity, 
though   not   an  uncommon,  error  to  suppose  that  the  moon's 
disturbing   influence   on    terrestrial   gravity  is  everywhere   in- 
sensible.    It  was  pointed  out  long  ago  by  Robison*  that  the 
great  tides  of  the  Bay  of  Fundy  should  produce  a  very  sensible 
deflection   on   the  plummet   in   the   neighbourhood,  and  that 
observation  of  this   eflect   might   be   turned   to    account    for 
determining   the   earth's   mean   density.      But  even   ordinary 
tides  must  produce,  at  places  close  to  the  sea  shore,  deviations 
in   the   plummet   considerably  exceeding   the   greatest   direct 
effect  of  the  moon,  which,  as  we  have  seen  (§  812),  amounts 
to  jg^ooQ.^^p  of  the  unit  angle  (57°"3).      Thus,  at  a  point  on 

*  Mechanical  Philosophtj,  1804,     See  also  Forbes,  Proc.  R.S.E.,  April,  1849. 
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at  the  sea- 
si  d& 


or  Liut  many  feet  above  the  mean  sea  level,  and  100  yards 
from  low -water  mark,  a  deflection,  amounting  to  more  than 
? of  the  unit  angle  on  each    side   of  the   mean    verti- 

8.U00.000  ° 

cal,  will  be  produced  by  tides  of  five  feet  rise  and  fall  on  each 
side  of  the  mean,  if  the  line  of  coast  does  not  deviate  very 
much  from  one  average  direction  for  50  miles  on  either  side, 
and  if  the  rise  and  fall  is  approximately  simultaneous  and 
equal  for  50  miles  out  to  sea.     For,  a  point  placed  as  0  in  the 


Vertical 
section 
through  O. 


Horizontal 
section 
througli  O- 


S^ 


L' 


on:::: 


sketch  will,  as  the  water  rises  from  low  tide  to  high  tide,  ex- 
perience the  attraction  of  a  plate  of  water  indicated  in  section 
by  HKK'L'L.  If  we  neglect  the  small  part  of  the  whole  efifect 
due  to  the  long  bar  (extending  along  the  coast)  shown  in  section 
by  HKL,  we  have  only  to  find  the  attraction  of  the  rectangular 
plate  of  water  by  hypothesis  of  50  miles'  breadth   from  KL, 

100  miles'  length  parallel  to  the  coast, 
and  10  feet  thickness  {KL).  This  will 
not  be  sensibly  altered  if  0  is  precisely 
in  the  continuation  of  the  middle  plane 
EE'  (instead  of  a  few  feet  above  it,  as 
would  generally  be  the  case  in  a  con- 
venient sea-side  gravitation  observatory), 
and  the  whole  matter  of  the  plate  were 
condensed  into  its  middle  plane.  But 
the  attraction  of  a  uniform  rectangular  plate  on  a  point  0  has, 
for  component  parallel  to  OE, 

f  {OA+AE){OB^BE)OE^\ 
P^  ^""'^  \{0A'  -f  A'E)  {OB'  +  BE)  UE'>  ^''' 

where  p  denotes  the  density  of  the  water,  and  t  the  thickness 
of  the  plate,  by  hypothesis  a  small  fraction  of  OE.  (We  leave 
the  proof  as  an  exercise  to  the  student.)  Now,  taking  the 
nautical  mile  as  "2000  yards,  we  have,  according  to  the  assumed 
data,  very  approximately 
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and  B,  B'  are  to  be  taken  as  at  tlie  same  distances  on  one  side  Attraction 
of  OE'  as  A  A'  on  the  other.     Hence  the  precedino;  expression  water  on  a 

^  ^         ^  plummet  at 

becomes  the  sea- 

side. 

2pt  log  ~j^ ,  which  is  equal  to  1344  x  pt 

The  ratio  of  this  to  ^ircrr,  the  earth's  whole  attraction  on  0,  is 

3  X  13 -ip^/iTTo-?':  which  (as  t/r  is ^ by  hypothesis,  and  pja 

is  about  -?-)  amounts  to * .     The  plummet  will  therefore, 

11^  3.580,000  ^  * 

at  high    tide,  be   disturbed    from   the  position  it  had  at  low 
tide,  by  a  horizontal  force  of  somewhat   more   than  1 

''  4.000.000 

of  the  vertical  force ;  and  its  deviation  will  of  course  be  this 
fraction  of  57'**3,  the  unit  angle. 

818'.  Since  the  publication  of  our  first  edition  the  British  Gravita- 
Association  has  endeavoured  to  promote  the  existence  of  practical  serratory. 
gravitational  observatories  by  the  appointment  of  a  committee 
for  determining  experimentally  the  lunar  disturbance  of  gravity. 
The  Reports  for  the  years  1881  and  1882  contain  accounts  of 
the  work  which  has  been  done  hitherto.  In  §  818  we  did  not 
mean  to  suggest  the  seaside  as  a  proper  site  for  a  gravitational 
observatory,  and  the  investigation  of  that  section  renders  it 
evident  that  for  the  purposes  in  view  of  the  committee  it  is 
essential  that  the  observatory  should  be  remote  from  the  sea- 
coast. 

The  object  of  the  experimenters  for  the  committee,  Mr 
George  and  Mr  Horace  Darwin,  being  to  measure,  if  possible, 
the  attraction  of  the  moon,  and  thus  to  throw  light  on  the 
elastic  yielding  of  the  earth's  mass  (see  §  837  et  seq.),  care  was 
taken  by  them  to  eliminate  as  far  as  possible  the  effects  of 
tremors,  either  local  and  seismic.  The  experiments  were,  and 
are  still  being,  carried  out  at  Cambridge,  but  notwithstanding 
all  the  precautions  taken  to  shield  the  instrument  (a  pendulum 
hung  in  fluid)  from  disturbance,  it  was  found  that  the  agitation 
of  the  soil  was  incessant.  There  is  strong  evidence  that  this 
agitation  is  wholly  independent  of  the  tremors  produced  by 
traffic  in  the  town,  for  (amongst  other  proofs)  it  appeared  that 
there  were  periods,  lasting  during  several  days,  of  abnormal 
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Gravita-      agitation    and    of    abnormal   quiescence.      The   experimenters 
tioiiiil  Ob-     «         1      ,  ,  ...  ... 

servtttory.    tound  that  .superposed    on  this   minute   agitation    there   is   a 

diurnal  oscillation  of  level  of  some  regularity ;  and  that  super- 
posed on  that  again  there  are  continuous  changes  of  level 
lasting  over  many  weeks.  The  experiments  afford  no  evidence 
as  to  the  extent  of  land  over  which  these  changes  range ;  and  as 
the  work  is  still  in  progress,  we  should  have  made  no  allusion 
to  it  here,  but  that  the  subject  has  been  attacked  from  an 
entirely  different  point  of  view,  and  at  earlier  dates,  by  a 
number  of  other  observers.  The  general  character  of  the  dis- 
turbances noted  by  these  other  observers  agrees  in  every  par- 
ticular with  what  is  described  by  the  Darwins,  and  thus  we  are 
compelled  to  believe  that  none  of  them  were  noting  a  purely  local 
eSect.  As  most  of  the  other  experimenters  have  had  in  view 
the  observation  of  minute  earthquakes,  their  instruments  have 
in  general  been  made  excessively  sensitive  to  tremor,  and  the 
selection  of  appropriate  sites  has  been  rendered  very  difficult. 

We  may  mention  the  following  instances  of  observations 
which  agree  in  character  with  those  of  which  we  have 
spoken,  viz.  by  D'Abbadie  in  Brazil  and  Ethiopia  with  spirit 
levels,  and  on  the  Pyrenees  by  reflexion  from  mercury ;  by 
Plautamour  at  Geneva  with  spirit-levels  ;  by  ZoUner  at  Leipsig 
with  "a  horizontal  pendulum";  by  Bouquet  de  la  Grye  at 
Campbell  Island  in  the  S.  Pacific  Ocean,  with  a  pendulum. 
But  the  observations  to  which  we  would  especially  draw  at- 
tention are  those  of  the  Italians,  who  have  far  excelled  in  zeal 
all  the  other  nations  combined.  This  has  probably  been  due 
to  the  presence  in  their  country  of  active  volcanoes,  so  that 
attention  has  been  drawn  to  the  science  of  earthquakes.  In 
Italy  we  find  Rossi,  Bertelli,  Palmieri,  Mocenigo,  Malvasia, 
Agostini,  Galli  and  many  others  making  continuous  obser- 
vations in  many  parts  of  the  country  for  some  years  past. 
Their  results  are  bi'ing  recorded  in  the  BuUetino  del  Vulcanismo 
Italiano*.  Milne,  Ewing,  and  Gray  have  worked  in  Japan  in 
the  same  field, — but  to  note  all  those  who  have  attended  to 
Seismology  would  be  beyond  the  scope  of  our  present  remarks. 

•  One  of  the  most  interesting  points  is  the  use  of  the  microphone  for  the 
detection  of  telluric  disturbance. 
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We  here  only  wish  to  draw   attention  to  the  subject  of  the  Gravita- 

.  p  .  1      .       1  ,1  .1  (     tional  Ob- 

slower  changes  in  the  direction  of  gravity  relatively  to  the  earth  s  servatory. 

surface,  and  to  shew  that  although  such  results  of  gravitational 

observation,  as  were  contemplated  by  the  British  Association  in 

the  appointment  of  a  Committee,  may  probably  be  impossible, 

yet  an  important  method  appears  to  be  initiated  for  discovery 

with  regard  to  the  mechanical  constitution  of  the  upper  strata 

of  the  earth.     For  this  end  it   is  essential  that  instruments 

should  be  improved,  for  which  there  is  much  scope,  and  that, 

following    the   Italian   example,   the   observations    should   be 

simultaneous  over  large  tracts  of  country. 

819.  Recurring  to  the  case  of  p  =  cr,  we  learn  from  §  817  ^fPPji'^*/^" 
that  a  homogeneous  liquid  in  equilibrium  under  the  influence  fjjg^^^rth's 
of  centrifugal  force,  or  of  tide-generating  action,  has  2|  times  f'sare. 

as  much  ellipticity  as  it  would  have  if  mutual  attraction  between 
the  parts  of  the  fluid  were  done  away  with  (§  800),  and  gravity 
were  towards  a  fixed  interior  centre  of  force.  For  a  homogeneous 
liquid  of  the  same  mean  density  as  the  earth,  rotating  in  a  time 
equal  to  the  sidereal  day,  the  ellipticity  is  therefore  ^k^,  being 
2|  times  the  result,  g-^,  which  we  found  in  §  801.  This 
agrees- with  the  conclusion  for  the  case  of  approximate  spheri- 
city, which  we  derived  (§  775)  from  the  theorem  of  §  771, 
regarding  the  equilibrium  of  a  homogeneous  rotating  liquid. 
But  even  for  this  case  Laplace's  spherical  harmonic  analysis  is 
most  important,  as  proving  that  the  solution  is  unique,  when 
the  figure  is  approximately  spherical;  so  that  neither  an 
ellipsoid  with  three  unequal  axes,  nor  any  other  figure  than 
the  oblate  elliptic  spheroid  of  revolution,  can  satisfy  the  hydro- 
static conditions,  when  the  restriction  to  approximate  sphericity 
is  imposed.  Our  readers  will  readily  appreciate  this  item  of 
the  debt  we  owe  to  the  great  French  naturalist,  when  we  tell 
them  that  one  of  us  had  actually  for  a  time  speculated  on  three 
unequal  axes  as  a  possible  figure  of  terrestrial  equilibrium. 

820.  As  another  example  of  the  result  of  §  817  for  the  case 
i  =  2,  let  us  imagine  the  earth,  rotating  with  the  actual  angular 
velocity,  to  consist  of  a  solid  centrobaric  nucleus  covered  with 
a  thin  liquid  layer  of  density  equal  to  the  true  density  of  the 
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Anpiication  Upper  cFust,  that  is,  we  may  say,  half  the  mean  density  of  the 
theory  o°    Ducleus.     The  ellipticity  of  the  free  surface  would  be 

til'-  oarth's 
ngure. 


1 

y 

1 

or 

1 

580 

1- 

r 

406' 

Or,  lastly,  let  it  be  required  to  find  the  density  of  a  super- 
ficial liquid  layer  on  a  centrobaric  nucleus  which,  with  the 
actual  angular  velocity  of  rotation,  would  assume  a  spheroidal 
figure  with  ellipticity  equal  to  tt^,  the  actual  ellipticity  of  the 
sea  level.     We  should  have 

1  580 


1-Ip/<t     295' 
which  gives  p  =  "819  x  cr. 

821.  Bringing  together  the  several  results  of  §§  801,  817,  819, 
for  a  centrobaric  nucleus  revolving  with  the  earth's  angular 
velocity,  and  covered  with  a  thin  layer  of  liquid  of  density  p, 
the  mean  density  of  the  whole  being  a,  we  have — 

(l)for^  =  0,         e  =  ^l^, 

(2)  „    P^=^,       e  =  ^,j, 

(3)  ..    ^  =  i,         ^  =  Tk. 

(4)  „    ^  =  -819,     c  =  ^, 

(5)  „    -  =  1,         e  =  5^^, 

where  e  denotes  the  ellipticity  of  the  free  bounding  surface  of 
the  liquid.  The  density  of  the  earth's  upper  crust  may  be 
roughly  estimated  as  ^  the  mean  density  of  the  entire  mass, 
and  is  certainly  in  every  part  less  than  819  of  this  mean 
density.  The  ellipticity  of  the  sea  level  does  not  differ  from 
Tj^^  by  more  than  2  or  3  per  cent.,  and  is  therefore  decidedly 
too  great  to  be  accounted  for  by  centrifugal  force,  and  ellipticity 
in  the  upper  crust  alone,  on  the  hypothesis  that  there  is  a  rigid 
centrobaric  nucleus,  covered  by  only  a  thin  upper  crust  with 
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surface  on  the  whole  agreeing  in  ellipticity  with  the  free  liquid 
surface.     It  is  therefore  quite  certain  that  there  must  be  on  the  Observation 

11  1  f      1  1  •  1  1  •  1       shows  so 

whole  some  degree  or  oblateness  in  the   lower   strata,  in   thoKreatan 

cIliDticitv 

same  direction  as  that  which  centrifuo'al  force  would  produce  of  sea  leVei 

°  ^  that  there 

if  the  mass  were  fluid.      There   is,  as   we   shall   see   in   later  ,™"^*  ^'^  '^^ 

'  lateness  of 

volumes,  a  great  variety  of  convincing  evidence  in  support  of  *'^®  ^°',''^  ^^^ 
the  common  geological  hypothesis  that  the    upper   crust   was  suifac" buf 
at  one  time  all  melted  by  heat.     This  would  account  for  the  ^g^oMayers 
general  agreement  of  the  boundary  of  the  solid  with  that  of  density, 
fluid  equilibrium,  though  largely  disturbed  by  upheavals,  and 
shrinkings,  in  the  process  of  solidification  which  (App.  D.)  has 
probably  been  going  on  for  a  few  million  years,  but  is  not  yet 
quite  complete  (witness  lava  flowing  from  still  active  volcanoes). 
The  oblateness  of  the  deeper  layers  of  equal  density  which  we 
now  infer  from  the  figure  of  the  sea  level,  the  observed  density 
of  the  upper  crust,  and  Cavendish's  weighing  of  the  earth  as 
a  whole,  renders  it  highly  probable  that  the  earth  has  been  at 
one  time  melted  not  merely  all  round  its  surface,  but  either 
throughout,  or  to  a  great  depth  all  round. 

822.     We  therefore,  as  our  last  hydrostatic  example,  proceed  Equilibrium 
to  investigate  the  conditions  of  a  heterogeneous  liquid  restincr  spheroid  of 

heteroffene- 

on  a  rigid  spherical  centrobaric  core  or  nucleus,  and   slightly  pus  liquid, 
disturbed,  as   explained   in  §  815,  by  attracting  masses  fixed  gated. 
either  externally  or  in  the  core  (among  which,  of  course,  must 
be   included   deviations,  if  any,  from   a  rigorously  centrobaric 
distribution  in  the  matter  of  the  core). 

For  any  point  (?•,  0,  4>)  ^^  space  let 

A'  be  the  potential  due  to  the  core, 
V  „  „  undistui-bed  fluid, 

Q  „  „  disturbing  force, 

U  „  J,  disturbance  iu  the  distribu- 

tion of  the  fluid. 

Thus  the  whole  potential  at  the  point  m  question  is  iV  +  F  when 
the  fluid  is  undisturbed,  and  ^+  Q  +  V+  U  when  the  disturbing 
force  is  introduced  and  equilibrium  supervenes.  Let  also  p  be 
the  density  of  the  undisturbed  fluid  at  (r,  6,  ^)  (which  of  course 
would  vanish  if  the  point  in  question  were  situated  in  any  other 
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part  of  space  than  that  occujjied  by  the  fluid);  and  let  p  +  or  be 
the  altered  density  at  the  same  point  (r,  d,  ^)  when  the  fluid 
rests  under  the  disturbing  influence.  It  is  to  be  noticed  that 
N,  V,  p  are  functions  of  r  alone;  while  Q*,  U,  zu  are  functions  of 

r,  e,  4>. 

Let  now  8r  be  an  infinitely  small  variation  of  r.     The  density 
of  the  liquid  at  the  point  (r  +  Br,  6,  <ft)  wiJl  be  p  +  cr  +  j-  (p+u^Sr, 


or  simply 


p  +  7«7  +  -;-or, 


as  137  is  infinitely  small  by  hypothesis.     If  we  equate  this  to  p  we 
have  dp 


C7  -t-  -^  8r  =  0, 
dr 


and  deduce 


Br  =  - 


w 


dpdr 


(1) 


for  the  equation  expressing  the  deviation  from  the  spherical 
surface  of  radius  r,  of  the  spheroidal  sui-face  over  which  the 
density  in  the  disturbed  liquid  is  p.  The  liquid  being  incom- 
pressible, the  volume  enclosed  by  this  sjiheroidal  surface  must  be 
equal  to  that  enclosed  by  the  spherical  surface,  and  therefore, 
if  da-  denote  an  element  of  the  .spherical  surface,  and  /j"  integra- 
tion over  the  whole  of  it, 

//arc/<r  =  0 (2). 

Hence,  by  (1),  as  -.-  is  independent  of  0,  <f}, 

j(iud<T  =  0 (3). 


Now,  as  before  for  density,  we  have  for  the  disturbed  potential 
f.t  {r  +  Sr,  e,  <f>) 

^  +  Q  +  r  +  r  +  ^^{X  +  Q  +  V  +  U)Br, 
or,  because  Q+  U  is  infinitely  suuill, 


jV+(2  +  r+r-t--^(iV+  V)6r. 
dr 

And,  therefore,  to  express  that  the  sjihoroidal  surface  correspond- 
ing to  (1),  with  r  constant,  is  an  equipotential  surface  in  the 
disturbed  liquid,  we  have 
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Q+  U -— ^  4-iV+  V=F  {r)  (4),        Hydrostatic 

dp  equation. 

dr 

which  (%  750)  is  the  equation  of  hydrostatic  equilibrium.  In  this 
equation  we  must  suppose  N  and  p  to  be  functions  of  r,  and  Q  a 
function  of  r,  0,  cjt;  all  given  explicitly:  and  from  p  we  have,  by- 
putting  i  =  0,  in  (15)  and  (16)  of  §  542, 

F=  477  ("  1  \-'p'dr'  +  -  l'r"p'dA (5),       Equilibrium 

\Jr  r  Ja  J  ofrolating 

spheroid 
of  hetero- 

where  p  is  the  value  of  p  at  distance  ?-'  from  the  centre,  and  r  K®^*?^"* 
the  radius  of  the  outer  bounding  surface  of  the  undisturbed  fluid, 
and  a  that  of  the  fixed  spherical  surface  of  the  core  on  which  it 
rests.  To  find  V  +  U,  following  strictly  the  directions  of  §  545, 
we  add  the  potential  of  a  distribution  of  matter  with  deusity  p  +  w 
thi'ough  the  space  between  the  spherical  surfaces  of  radii  a  and 
X  to  that  of  the  shell  B  of  positive  and  negative  matter  there 
defined.  Let  the  thickness  of  the  latter  at  the  point  (r,  6,  4>)  be 
called  h,  being  the  value  of  Sr  at  the  surface;  and  let  q  denote 
its  density,  being  the  surface  value  of  p.  Then,  subtracting  the 
undisturbed  potential  V,  we  have 


U=lli^da'dr'  + 


ii'n'- 


.(6), 


if  as  usual  I)  denote  the  distance  between  the  points  (r,  0,  <f>), 
(/,  0',  <l>'),  and  the  accented  letters  denote  the  values  of  the 
corresponding  elements  in  the  latter ;  and  if  [  ]  denote  surface 
values  and  integration. 


-t3' 


Let  us  now  suppose  the  required  deviation  of  the  surfaces  of  Part  of  the 
1        •  I'll  1  ^  n  potential, 

equal  pressure  density  and  potential  to  be  expressed  as  loUows  due  to  ob- 

in  surface  harmonics,  of  which  the  term  JR^  disappears  because 

of  (2) :- 

for  the  interior  of  the  fluid,  S?*  =  i?j  +  ^^  +  i?3  +  etc.,  ) 

and  for  the  outer  bounding  surface,  /i  =  iij  +  1^^  +  J^^  +  etc. )  ^ 

Hence  by  (1)  zj  =  -'^^{R^  + B,  + R^  + etc.) (S). 
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developcdin  Using  this  ill  (6)  according  to  §§  544,  542,  536,  we  have 

harmonic!). 

where  B,'  deuotes  the  value  of  Ii^  from  the  point  (r',  6,  <p)  instead 
of(r,d,i>). 

To  complete  the  expansion  of  the  hydrostatic  equation  (4)  we 
may  suppose  the  harmonic  expression  for  Q  to  be  either  directly 
given,  or  be  found  immediately  by  Appendix  B.  (52),  or  by 
(8)  of  §  539,  according  to  the  form  in  which  the  data  are  pre- 
sented.    Thus  let  us  have 


Harmonic 
develop- 
nieiit  of 
di.sturbiiig 
potent  iaL 


(3  =  2    2(^;"cos«<^  +  5]"sina<^)0;" (10), 


according  to  the  notation  of  App.  B.  (37)  and  (38),  J^'",  J?'' 
denoting  known  functions  of  r.  Using  now  this  and  (8)  in  (4), 
we  have 


'S  |2(^;"coss,^  +  /^'"sin  50)©!"+  ^*^  (^V+  V) 

-27^(''/>-'-|'^'*--'//-^'*-'*'-«'^)} 

+  .4;'"  +  iV+  V=F{r) (11). 

Hence  :  first,  for  the  terms  of  zero  order 

A^^^  +  iV  +  V  =  F{r) (12), 

which  merely  shows  the  value  of  F{r),  introduced  temporarily  in 
(4)  and  not  wanted  again  :  and,  by  terms  of  order  t, 

=  2'(.<;"co3»*+B|"sm»<(>)0'"  (13). 


Equation  of 
oqiiililiriiiin 
for  Rt'iicral 
harinonio 
term: 


Lastly,  expanding  Ii\  (as  above  for  the  t  term  of  Q)  by  App.  B. 
(37),  let  us  have 

7?,=?(M;"cos«<^  +  v;"sin«<^)©;" (H), 

where  u'" ,  «'•'  are  functions  of  r,  to  the  determination  of  which  the 
problem  is  reduced.  Hence  equating  separately  the  coefficients 
of  ©'•'  cos  s<f>,  etc.,  on  the  two  sides,  and  using  u^  to  denote  any 


822.]  STATICS.  399 

one  of  the  required  functions  uf,  v.'\  and  ^,  any  of  the  given  ^^ation*" 
functions  A  '•',  B['\  and  u-,  u^  the  values  of  w,  for  r  =  r  and  r  =  t  TOeffide™ 

'         '  «„  regarded 

respectivelv,  we  have  as  a  func- 

tion of  r. 

or,  as  it  will  be  convenient  sometimes  to  write  it,  for  brevity,  (ri{u^)  =  Ai  J 

where  ctj  denotes  a  determinate  operation,  performed  on  u  any 
function  of  r,  continuous  or  discontinuous.  To  reduce  (15)  to  a 
differential  equation,  divide  by  r\  differentiate,  multiply  by  r*'"^" 
and  differentiate  again.     If,  for  brevity,  we  put 


2i  +  2 


-^(N+Vyryjf (IG),      K-of 

Cir^  rotating 

the  result  is  i^rJ"^"^ 


lf""l('--«}-*-'"l=i{'^^'l-(^''-i-(>')' 


hetero- 
geneous 
liquid. 


a  linear  differential  equation,  of  the  second  order,  for  m^,  with  Differential 
coefficients  and  independent  terms  known  functions  of  r.     The  be  inte- 
general  solution,  as  is  known,  is  of  the  form  "  ' 

u,  =  CF-^C'F'  +  a (18), 

where  a  is  a  function  of  r  satisfying  the  integral  equation 

0-,  (a)  =  ^.. (19)  [(15)  repeated]; 

C  and  C  are  two  arbitrary  constants,  and  F  and  F'  are  two 
distinct  functions  of  r. 

Equation  (15)  requires  that  C  =  0  and  C  =  0  ;  in  other  words, 
u^,  if  satisfying  it,  is  fully  determinate.  This  is  best  shown  by 
remarking  that  if,  instead  of  (15),  we  take 

a,{u)  =  A,  +  Kr'  +  K'r-'-'  (20) 

where  K,  K'  are  any  two  constants,  these  constants  disappear  in 
the    differentiations,   and   we   have   still    the    same    differential 
equation,  (17):  and  that  the  two  arbitrary  constants  C  and  C"  Determina- 
of  the  general  solution  (18)  of  this  are  determined  by  (20)  when  stantsto 
any  two  values  are  given  for  K  and  K'.     In  fact,  the  expression  the  required 
(18),  used  for  2*^,  reduces  (20)  to 

C<T,{F)  +  C'cT,(F')  =  Kr'  +  K'r-*-' (21), 

which  shows  that  (t,{F)  and  a-t{F')  cannot  either  of  them  be 


400  ABSTRACT   DYNAMICS.  [822. 

Dftcrraiim-  zcTO,  and  that  they  must  be  distinct  linear  functions  of  r*  and 

tion  of  con-  ._,  ,    ,  ■  "^       /i         -y  m 

slants  to  ^       >  and  determines  C  and  G  . 

complete 

sofution!'^^'^  Thus  we  see  that  whatever  be  A^  we  have,  in  the  integration 

of  the  ditferential  equation  (19),  and  the  determination  of  the 
arbitrary  constants  to  satisfy  (15),  the  complete  solution  of  our 
problem. 

iiitroduc-  Unless  it  is  desired,  as  a  matter  of  analytical  curiosity,  or  for 

tion  of  the  '  .  •'.  .  ^  \ 

Newtonian  some  better  reason,  to  admit  the  supposition  that  N  is  any 

law  of  force.  '  .      .  , 

arbitrary  function  of  r,  it  is  unnecessary  to  retain  both  ip  and  p 

as  two  distinct  given  functions.     For  the  external  force  of  the 

nucleus,  or  that  part  of  it  of  which  iVis  the  potential,  being  by 

hypothesis    symmetrical    relatively   to  the    centre,    it   must   in 

nature  vary  inversely  a.s  the  square  of  the  distance  from  this 

point ;  that  is  to  say,  clN  _  /x 

dr      r' ^     '' 

/n  being  a  constant,  measuring  in  the  usual  unit  (§  459)  the 
mass  of  the  nucleus.     And  by  (5) 

dV     itr  r ,  ,..  ,  --. 

-*:-■]/••* (^^)- 

From  this,  with  (22)  and  (17),  we  have 

'A-^£pV'W  +  ^3 (24), 

which  gives     iirp  =  -  V ,      and  iir  -f  ^  r    ,-^  +  4  -.-  (25). 

°  '^        r  dr  dr        dr  dr  ^     ' 

Sitnplifica-  Using  this  last  in  (17),  and  reducing  by  ditferentiation,  we  have 

tion  D.v  in-  ° 

theNcu-         d^U^     .(d.        ,      1\dv,^     (t-l)(t  +  2)  1     d   {.   ^.^^d        ^     ^ 

tonianhiw       J+ 2  ( -p  logii-t-- )    ,    -  -^ ^"i=-rr«  "T  ^'*         ,   (»•    -^<)?'---(26). 

of  force.  df-        \dr    '^^    r)dr  r"  '    r^'dr\        dr^        *')      ^     ' 

Another  form,  convenient  for  cases  in  which  the  disturbing 
force  is  due  to  external  attracting  matter,  or  to  centrifugal  force 
of  the  fluid  itself,  if  rotating,  is  got  by  putting,  in  (17), 

r-'''u,  =  e, (27), 

and  reducing  by  differentiation.     Thus 

di^^Kdr^'"-"^^  V-)dr^^      r-''d-r^'^'f'  =  r^^drY      dr^'   M^^^^' 

With  this  notation  the  intermediate  integral,  obtained  from  (15) 
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by  the  first  step  of  the  px'ocess  of  differentiating  executed  in  the  Differential 

,  .,.,       .  equation  for 

order  specified,  gives  proportion- 

ate devia- 

^*  +  e.—  ^--'-    ---^^'-2/^V„^V  ,   ^#\„o<  +  i.  ,7„       ^/..-(.v       /nov    sphericity. 
dr       ^dr 


.log^-r--£(rg4-4^;;:)r--'..^.  ^|-(r-'^,)  ...(29). 


Important  conclusions,  readily  drawn  from  these  forms,  are  Equili- 
that   if   ^  is  a  solid    harmonic    function    (as  it   is   when   the  rotating 
disturbance  is  due  either  to  disturbing  bodies  in  the  core,  or  in  of  hete'ro- 
the   space  external  to  the  fluid,    or  to  centrifugal  force  of  the  fiquta"^ 
fluid  rotating  as  a  solid  about  an  axis);  then  (1)  e^,  regarded  as  Layers  of 
positive,  and  as  a  function  of  r,  can  have  no  maximum  value,  fe^t  pro^"'' 
although  it  might  have  a  minimum ;  and  (2)  if  the  disturbance  §eviat?on^ 
is  due  to  disturbing  masses  outside,  or  to  any  other  cause  (as  f^^^^Pi^s"" 
centrifugal  force)  which  gives  for  potential  a  solid  harmonic  of 
order  i  with  only  the  r'  term,  and  no  term  r"*~',  e^  can  have  no 
minimum    except   at  the    centre,   and    must    increase  outwards 
throughout  the  fluid. 

To  prove  these  conclusion.s,  we  must  first  remark  that  \p 
necessarily  diminishes  outwards.  To  prove  this,  let  n  denote 
the  excess  of  the  mass  of  the  nucleus  above  that  of  an  equal 
solid  sphere  of  density  s  equal  to  that  of  the  fluid  next  the 
nucleus.     Then  we  may  put  (24)  under  the  form 

^=*,r.-i;f  (.-p')r'W  +  5 .(30). 

For  stability  it  is  necessary  that  n  and  s  —  p  be  each  positive ; 
and  therefore  the  last  term  of  the  second  member  is  positive, 
and  diminishes  as  r  increases,  while  the  second  term  of  the  same 
is  negative,  and  in  absolute  magnitude  increases,  and  the  first 
term  is  constant.  Hence  i//  diminishes  as  r  increases.  Again, 
when  the  force  is  of  the  kind  specified,  we  must  [App.  B.  (58)] 

have  vl.  =  Zr'  +  /irV^'-'  (31), 

and  therefore  the  second  member  of  (28)  vanishes.  Hence  if, 
for  any  value  of  r,  dejdr  =  0, 

c     X,.  d^^i        2  (i  -  1)      d  , 

for  the  same,        "^2  =  "  -  -^  «.•  ^  ^og  ^, 

and  is  therefore  positive,  which  proves  (1).  Lastly,  when  the 
force  is  such  as  specified  in  (2),  we  have  A^  =  Kr'  simply,  and 
VOL.  II.  26 
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i^r.portion-  therefore  the  second  member  of  (29)  vanishes.     This  equation 

tion  for  c«se  then  gives,  for  values  of  r  exceeding  a  by  infinitely  little, 

de,  d 


fugal  force, 
or  of  force 


or  01  lorce  "^^i  ^    "'  i    „   , 

from  with-  ^.=  -e,^-log,A, 


out 

wliich  is  positive.  Hence  e^  commences  increasing  from  the 
nucleus.  But  it  cannot  have  a  minimum  (1),  and  therefore  it 
increases  throughout,  outwards. 

Cafpof  323,     When  the  disturbance  is  that  due  to  rotation  of  the 

centrifueal 

force.  liquid,  the  potential  of  the  disturbing  force  is  ^a)^{ij?-\-y^),  which 

is  equal  to  a  solid  harmonic  of  the  second  degree  with  a  con- 
stant added.  From  this  it  follows  [§§  822,  779]  that  the  sur- 
faces of  equal  density  are  concentric  oblate  ellipsoids  of  revolu- 
tion, with  a  common  axis,  and  with  ellipticities  diminishing 
from  the  surface  inwards. 

We  have,  in  (10)  of  last  section, 

^=K(^  +  y')  =  ^-v(0r+0l'"). 

This  gives  by  (7)  and  (U), 

hr  =  vjyn . 


9  ■ 


Hence        r  + 

9 


Sr  =  r(l+^'e:)  =  r[^l+^'(>-cos'«)] 


neglecting  terms  of  the  second  order  because  w,  and  therefore 
also  ujr,  are  very  small. 

Thus  the  sphere,  whose  radius  was  r,  ha.s  become  an  oblate 
ellipsoid  of  revolution  whose  ellipticity  [§  822  (27)]  is 

'.  =  7* <=)• 

Its  polar  diameter  is  diminislied  by  the  fraction  §  uJr  or  f  e^, 
and  its  equatorial  diameter  is  increased  by  ^  e^;  the  volume 
remaining  unaltered. 

In  order  to  find  the  value  of  w^,  we  must  have  data  or 
assumptions  which  will  enable  us  to  integrate  equation  (15). 
These  may  be  given  in  many  forms ;  but  one  alone,  to  wliich  we 
proceed,  has  been  worked  out  to  practical  conclusions. 
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824.     To  apply  the  results  of  the  preceding  investigation  to  Laplace's 
the  determination   of  the   law   of  ellipticity  of  the  layers  ofcai^w1>f' 
equal    density  within    the    earth,    on    the    hypothesis    of   its  witinn  the 
original  fluidity,  it  is  absolutely  essential  that  we   commence 
with  some  assumption  (in  default  of  information)  as   to   the 
law  which  connects  the  density  with  the  distance   from   the 
earth's  centre.     For  we  have  seen  (§  821)  how  widely  different 
are  the  results  obtained  when  we  take  two  extreme    suppo- 
sitions, viz.,  that  the  mass  is  homogeneous;  and  that  the  density 
is  infinitely  great  at  the  centre.     In  few  measurements  hitherto 
made  of  the  Compressibility  of  Liquids  (see  Vol.  il.,  Properties 
of  Matter)   has  the   pressure   applied    been    great   enough   to 
produce  condensation  to  the  extent  of  one-half  per  cent.     The 
small  condensations  thus  experimented  on  have  been   found, 
as  might  be  expected,   to   be    very  approximately   in    simple 
proportion  to  the  pressures  in  each  case ;  but  experiment  has 
not  hitherto  given  any  indication  of  the  law  of  compressibility 
for  any  liquid  under  pressures  sufficient  to  produce  considerable 
condensations.   In  default  of  knowledge,  Laplace  assumed,  as  an 
hypothesis,  the  law  of  compressibility  of  the  matter  of  which, 
before  its   solidification,  the   earth    consisted,  to   be   that   the 
increase  of  the  square  of  the  density  is  proportional  to  the  in-  Assumed 
crease  of  pressure.     This  leads,  by  the  ordinary  equation  of  tween  den- 
hydrostatic  equilibrium,  to  a  very  simple  expression  for  the  law  pressure, 
of  density,  which  is  still  further  simplified  if  we  assume  that 
the  density  is  everywhere  finite. 

Neglecting  the  disturbing  forces,  we  have  (§§  822,  752) 

dp  =  pd(V+J^) (1). 

But,  by  the  hypothesis  of  Laplace,  as  above  stated,  k  being  some 

constant  dp  —  kpdp  (2). 

Hence  kp  +  C  =V+N 

or,  by  §  822  (5),  =  4^  |  \'p'dr'  +  ^  rr"p'dr'+  ^ . 

Multiplying  by  r,  and  differentiating,  we  get 

k  j^{rp)  +  C  =  iTr^\'p'dr' 

2G— 2 
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density 
within  the 
earth. 


and 


dr'^"  k 

If  we  write  45r/^=  I/k",  the  integral  may  be  thus  expressed — 

rp  =  Fsin.1-  +  (r  j. 

If  -we  suppose  the  whole  mass  to  be  liquid,  i.e.,  if  there  be  no 
solid  core,  or,  at  all  events,  the  same  law  of  density  to  hold  from 
surface  to  centre,  G  must  vanish,  else  the  density  at  the  centre 
■would  be  infinite.     Hence,  in  what  follows,  we  shall  take 


J.AW  of 

density. 


p  =  —  sm  -. 
r         K 


.(3). 


With  this  value  of  p  it  is  easy  to  see  that 


i 


f9    f  J    /  2    8  ^P 

r^pdr  =  -  K  )•  -f- . 
0  dr 


•W, 


Determina- 
tion of  ellip- 
ticities  of 
surfaces 
of  equal 
density. 


the  common  value  of  these  quantities  being 
Fk     sin cos  -  ) . 

\  K  K  Kj 

"We  are  now  prepared  to  find  the  value  of  m,  in  §  823,  upon 
which  depends  the  ellipticity  of  the  strata.  For  (15)  of  §  822 
becomes,  by  (23)  of  that  section  and  the  late  equation  (4), 


(^^.wg).,4p/;^g....-3/;.v^.r]-^."^=i^ 


.(5) 


where  ft'  is  the  ma.^s  of  fluid,  following  the  density  law  (3),  which 
is  displaced  by  the  core  /x,  and  q  is  the  surface  density.  In  the 
terrestrial  problem  we  may  assume  /*'  =  /x,  and  of  course  a  =  0. 
For  simplicity  put 


dp 
r-j-  u,  =  v 
dr 


then  divide  by  r^  and  differentiate,  and  we  have 


(6). 


Multiply  by  r*,  and  again  differentiate;  the  result  is 


d'v 
dr'"- 
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The  integral  of  this  equation  is  known  to  be  hv^lth^ti- 


v  =  C 


3_M,inrr+C"V^cosr^  +  C' 


r^         K^  J  \K  J  KT  \K 


cal  law  ol 
/o\         density 
•  \"/'        within  Iho 
eartli. 

SO  that  u,is  known  from  (6).    Now  we  have  already  proved  that  Conse- 
2  ^    '  ""    '^  quences 

u    increases  from  the  centre  outwards,   so  that  we  must  have  as  regards 
*  ,         .  ellipticities 

C'=0,  for  otherwise  m„  would   be  infinite  at  the  centre.     Thus,  of  surfaces 

*  1       /.  of  equal 

dropping  the  suffix  ^  to  the  symbol  e  for  brevity,  we  have  density. 

I  — .  — i  1  tan 


e  =  — =  --^ (9). 

r          F                r     r  ^  ' 

tan 

K         K 

Now  let  b  =  -  (9'). 

K 

We  may  thus  write  (9)  as  follows  : 

^  "''fk'W'  r-^cot^j ^^'' 

The  constants  are,  of  course,  to  be  determined  by  the  known 
values  of  the  ellipticity  of  the  surface  and  of  the  angular  velocity 
of  the  mass. 

Now  (5)  becomes,  at  the  surface, 

ij  u,  j\T^dr  +  1^3  [V  %u^dr  =  irV+  |^?u,t. ..(10). 

We  may  next  eliminate  p,  dp/dr,  and  q,  being  the  surface  value 
of  p,  by  means  of  (3)  (4),  (6),  and  (8),  and  substitute  everywhere 
re  for  u^.  Also,  if  m  be  the  ratio  (-5-^)  of  centrifugal  force  to 
gravity  at  the  equator,  w  is  to  be  eliminated  by  means  of  the 
equation 


m  =  - 


rco^ 


-5-      pr  dr 
t  Jo 


from  which  p  is  to  be  removed  by  (3).     By  the  help  of  these 
substitutions  (10)  becomes  transformed  as  follows: — • 

47rFe  fr      .    r  ,      i-TrC  fr  ,  f/S       1\    .     r       3         r"|    , 

rsin-dr+  -—-^  I  r        — -, )  sin cos  -    dr 

V     Jo  K         5t   Jo      \_\*"     *<  /        *«     '«^        '^J 

4:TrmF  f^     .    r  ,      i-n-F       .    r 
=  — X —  I  r  sm  -dr  +  — — -  re  sm  -  . 
2t    Jo  K  5  K 

If  we  put  tan  x/k  =  /,  and  x/k  =  6,  so  that  6  is  the  surface  value 
of  ^,  the  integrated  expression,  divided  by  4  ttFck-  cos  6/x,  with 
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face gravity. 


Ellipticity 
of  internal 
stratum. 


C  eliminated  by  (9"),  becomes 
t-6 


bin 


[15  (<  -  6)  +  6'  -  6^^']  -  —{t-6)-\-  e*t. 


2e 


.(11). 


Hence  at  once 

5m    6'  +  en  +  6H'  -  2ee* 

'2e~  {t-e)[{?>-e')t--i6] 

ft  -  /  . 

If  we  put  1-2  for  -,  i.e.,  for  ,  this  becomes  somewhat 

^  t  tau  r/x 

simpler,  and  may  be  written 

5m     6*-  SzB*  +  z'S'        zO" 

'2e 


e^ 

3z-0*      z 


.(12). 


z{2>z-e^) 

The  mean  density  of  the  sphere  comprised  within  the  radius 


r  IS 

r 


1 


pr^dr 


/: 


/_ ,  {sin  (r/K)-(r/K)  cos  (>•»}  _  ZF  j  sin  ^  -  .^  cos  ^) 


Let  p^  be  the  mean  density  of  the  sphere  comprised  within  this 
radius  r,  and  p,  as  before,  the  density  at  the  stratum  defined  by 
the  radius  r.  It  may  be  noted  in  passing  that  q^  and  q  are  the 
values  of  p^  and  p  corresponding  to  r  =  r. 

Then, 

_  3/^  )'sin.&-.&co3^) 

"~(  ^^  / 


Po 


•(12«). 


F  .    ^     FsmSi 
p  =  -  sm  ^  = •  - 


If  we  put  /  for  the  ratio  of  the  mean  density  of  this  sphere  to 
the  density  at  its  bounding  surface,  we  have 


/=y(l-^cotd) 


.(12"). 


Substituting  in  (9«) 

C    3  /        1\ 

Then  writing  for  d  its  value  t/k,  we  have 

Since  SC/F  is  constant,  it  follows  that  (<?r*)/(l  -  1//)  is  the  same 
for  all  the  strata  of  equal  density.     If  therefore  i  be  the  surface 


824.]  STATICS.  407 

value  oif,  that  is  to  say  the  ratio  qjq  of  the  mean  density  to  the  Laplace's 
surface  density  of  the  whole  earth, — a  quantity  which  may  be  cal  law  of 
determined  by  experiment,  within  the 

•'         ^  '  earth. 

er^  ft*  EUipticity 

(12"').        of  internal 


1-1//      1-1/f  ^         ''       stratum 

This  formula  gives  the  ellipticity  of  any  internal  stratum  accord- 
ing to  the  Laplacian  theory. 

It  may  be  also  reduced  to  another  form   which  is  perhaps 
rather  curious  than  important,  as  follows  : — 

Differentiate  (12')  logarithmically  with  regard  to  ^,  and  we 


have 

d  ,               ^         z 

d^  ^^''l-^eot^     ^' 

Then  by  (12") 

1     /-     '^^d^^'^P- 

And  since 

d^     dr 

^  ~  r 

K' 

/)=     ^rd^^'^P^^  =  -^d{r') 

lojrpo- 


-O  I 


Hence  (12"")  shows  that  e  varies  as 

^     1 

Thus  we  may  state  verbally  that  the  ellipticity  of  any  internal 
stratum  varies  as  the  rate  of  decrease,  per  unit  increase  of  area 
of  the  stratum,  of  the  logarithm  of  the  mean  density  of  the 
sphere  comprised  within  that  stratum*. 

The  formula  (12)  for  5m/2e  may  now  be  more  simply  ex- 
pressed. Attributing  to  /  and  S-  their  surface  values  f  and  6, 
we  have  from  (12") 

^  /  _  /5       ??.  Ratio  of 

i=l,{l-6oot6)  =  3'-^='^ (13).      --J0 

density. 

From  this  equation  $  may  be  found  by  approximation,  and  then 
(12)  gives  e  in  terms  of  known  quantities.     In  fact,  it  becomes 

5m  _      id'  3  ,,. 

27"'3(f-l)"f ^     '' 

*  This  and  the  preceding  mode  of  expressing  the  ellipticity  of  an  internal 
stratum  are  taken  (with  changed  notation)  from  a  paper  by  Mr  G.  H.  Darwin 
in  the  Messenger  of  Mathematics  (Vol.  vi.),  1S77,  p.  109. 
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hvpoihtfi- 
cal  law  o( 
density 
within  the 
earth. 


Kllipticity 
of  vtrata 
of  equal 
density. 


From  (13)  and  (14)  the  numbers  in  columns  iv.  and  v.  of  the 
following  table  are  easily  calculated.  Column  vii.  shows  the 
ratio  of  the  moment  of  inertia  about  a  mean  diameter,  on  the 
assumed  law  of  density,  to  what  it  would  be  if  the  earth  were 


homogeneous : — 


1. 

u. 

111. 

IV. 

V. 

^^. 

vu. 

-^ 

-  1800. 

e. 

f. 

f. 

"c  • 

•00336 

C 

3-91 

1400 

2-444 

1-966 

1 
292 

•843 

4-24 

1420-6 

2-487 

2057 

1 
295 

•00330 

•836 

4-61 

1450 

2-531 

2161 

1 

299 

•00325 

•826 

5-04 

1470-5 

.2-574 

2-282 

1 
302-5 

•00321 

•818 

5-53 

1500 

2-618 

2-423 

1 
306-5 

•00315 

•810 

611 

1520-5 

2-662 

2-589 

1 
311 

-00309 

•801 

G-80 

1550 

2-705 

2-788 

1 

315 

•00304 

•792 

824'*.  The  table  given  in  §  824  is  principally  of  interest  for 
application  to  the  case  of  the  earth,  because  it  embraces  those 
values  of  d  which  correspond  with  values  off  nearly  equal  to  2; 
and  experiment  has  shown  that  the  mean  density  of  the  earth 
is  about  twice  that  of  superficial  rocks.  But  the  march  of  the 
functions  $  and  f,  as  we  pass  from  the  hypothesis  of  the 
homogeneity  of  the  planet  to  that  of  infinitely  small  .surface 
density,  will  afford  an  interesting  illustration  of  the  Laplacian 
theory,  and  will  besides  afford  the  means  of  application  with 
Bome  degree  of  probability,  to  some  of  the  other  planets. 
When  6  is  small  we  have 


f=l4- 


-27  =  2+35^ 


•0), 


•  This  sectioD  (§  824')  is  derived  from  a  paper  by  Mr  Darwin  in  the  Mouthly 
Notices  of  the  R.  Ast.  Soc, ,  Dec.  1876. 
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and  when  6  is  infinitely  nearly  equal  to  180° 

Stt 


f  = 


5m 


Ellipticity 
of  strata 
of  equal 
density. 


.(2). 


We  see  from  (1)  and  (2)  that  as  6  ranges  from  zero  to  180",  f 
increases  from  unity  to  infinity,  and  5ni/'2e  from  2  to  ^n^. 

Intermediate  values   of  these  functions,  comj)uted  from  the 
formulae  of  S  824,  ai'e  2;iven  in  the  followino:  table  : — 


in  degrees. 

/  or  f. 

om 
2e  • 

o 

0 

1-0000 

2-000 

40 

1-0341 

2-029 

50 

1-0548 

2-046 

60 

1-0817 

2-067 

70 

1-1161 

2-094 

80 

1-1600 

2-126 

90 

1-2159 

2-165 

100 

1-2879 

2-213 

110 

1-3827 

2-270 

120 

1-5109 

2-338 

130 

1-6922 

2-422 

140 

1-9657 

2-525 

150 

2-4225 

2-652 

160 

3-3363 

2-813 

170 

6-0750 

3-019 

180 

00 

3-290 

The  numbers  here  given  are  applicable  in  two  ways,  viz.  for 
determiuing  the  ellipticity  of  any  internal  stratum  of  the  earth, 
and  for  application  to  the  cases  of  the  external  figures  of  the 
other  planets  as  above  stated. 
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Elliptioity 
of  strata 
of  equal 
ileiisiiy. 


The  distri- 
bution (if 
tlensity  III 
■III [liter  iiiid 
Saturn. 


Dvnsmical 
ormin  of 
Preces-sion 
nnd  Nuta- 
tion. 


To  determine  the  elliptic! ty  of  an  internal  stratum  we  write 
(12'")  §  824  in  the  following  form  :— 

"'"'-'''       (3). 


e  _  /ey  1-1 

e " V V   1-1 


f 


We  must  in  (3)  take  -7  as  the  same  fraction  of  $,  as  r,  the 
radius  of  the  stratum  in  question,  is  of  r  the  earth's  mean 
radius.  Thus  if  for  example,  r  =  fVr,  and  if  (as  is  probable  in 
the  case  of  the  earth)  f  =  2-l,  ^=144",  we  must  take  ^=60'. 
The  table  then  shows  that  ^  =  60°  gives  /=10817.  By  sub- 
stitution in  (3)  we  get  e  =  ^.|      c;    which  with  c  =  y^,  gives 

In  the  cases  of  those  planets  which  have  satellites,  m  and 
e  —  |m  are  determinable  from  observation  and  from  the  theory 
of  the  satellites  ;  so  that  om/2e  is  determinable.  This  function 
being  known,  the  corresponding  value  of  i  is  determinable  from 
the  table, or  by  direct  computation.  For  example,  MrG.  H.  Darwin 
has  shown  that  in  the  case  of  Jupiter,  where  bml2t  is  3'2646,  we 
must  have  (=  68,  6  =  179"  11'  20",  andc=  1/16-022*  Different 
data,  perhaps  equally  probable,  give  somewhat  different  results, 
but  in  all  cases  the  physical  conclusion  is  that  the  superficial  den- 
sity of  the  visible  disk  of  Jupiter  is  very  small  compared  with  the 
mean  density — a  conclusion  which  appears  to  agree  well  with 
the  telescopic  appearance  of  that  planet.  A  .similar  application 
to  the  planet  Saturn  points  to  a  similar  result,  but  the  conclu- 
sion is  less  certain  on  account  of  the  great  uncertainty  in  the 
data. 

825.  The  phenomena  of  Precession  and  Nutation  result 
from  tlie  earth's  being  not  ceutrobaric  (§  534),  and  therefore 
attracting  the  sun  and  moon,  aud  experiencing  reactions  from 
them,  in  lines  which  do  uot  pass  precisely  through  the  earth's 
centre  of  inertia,  except  when  they  are  in  the  plane  of  its 
equator.  The  attraction  of  either  body  transferred  (§  559,  c) 
from  its  actual  line  to  a  parallel  line  through  the  earth's  centre 
of  inertia,  gives  therefore  a  couple  which,  if  we  first  assume, 
for  simplicity,  gravity  to  be  symmetrical  round  the  polar  axis, 

•  In  the  M(c.  C4l.  fviit.  vn.  §  23)  L.aplace  uses  values  of  m  nnd  t  which 
make  5m/2t  greater  th.in  \ir^.  His  determination  of  the  Precessional  Constant 
of  the  planet  is  thus  vitiated. 
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tends  to  turn  the  earth  round  a  diameter  of  its  equator,  in  the  Liynamicai 

^  ,       origin  of 

direction  bringing  the  plane  of  the  equator  towards  the  dis-  ^^'^$1^^''^^'^ 
turbing  body.     The   moment   of  this   couple   is   [§  539  (14)]  ^^°^ 
equal  to 

^(G-A)sm8cosS (14), 

where  S  denotes  the  mass  of  the  disturbing  body,  I)  its  dis- 
tance, and  B  its  declination ;  and  G  and  A  the  earth's  moments 
of  inertia  round  polar  and  equatorial  diameters  respectively. 
In  all  probability  (§§  796,  797)  there  is  a  sensible  difference 
between  the  moments  of  inertia  round  the  two  principal  axes 
in  the  plane  (§  795)  of  the  equator:  but  it  is  obvious,  and 
will  be  proved  in  Vol.  il.,  that  Precession  and  Nutation  are  the 
same  as  they  would  be  if  the  earth  were  symmetrical  about  an 
axis,  and  had  for  moment  of  inertia  round  equatorial  diameters, 
the  arithmetical  mean  between  the  real  greatest  and  least  values. 
From  (12)  of  §  539  we  see  that  in  general  the  differences  of  the 
moments  of  inertia  round  principal  axes,  or,  in  the  case  of 
symmetry  round  an  axis,  the  value  of  C—A,  may  be  deter- 
mined solely  from  a  knowledge  of  surface  or  external  gravity, 
or  [§§  794,  795]  from  the  figure  of  the  sea  level,  without 
any  data  regarding  the  internal  distribution  of  density. 

Equating  §  539  (12)  to  §  794  (17),  in  which,  when  the 
sea  level  is  supposed  symmetrical,  F^  {6,  <fi)  becomes  simply 
c  (^  —  cos*  6),  we  find 

Afr-  C—A 

(c  -  Im)  Q,  -  cos*  e)=%'^{^-cos^O), 


r^    ^       "    '  -'  .      ^     ^- 


whence  G -  A  =  ^Mf  {t-hn) (15). 

Similarly  we  may  prove  the  same  formula  to  hold  for  the  real 
case,  in  which  the  sea  level  is  an  ellipsoid  of  three  unequal  axes, 
one  of  which  coincides  with  the  axis  of  rotation ;  provided  t 
denotes  the  mean  of  the  ellipticities  of  the  two  principal  sections 
of  this  ellipsoid  through  the  axis  of  i-otation,  and  A  the  mean  of 
the  moments  of  inertia  round  the  two  principal  axes  in  the 
plane  of  the  equator. 
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Precession        826.     The  anjjular  accelerations  produced  by  the  disturbinc: 

gives  iiilor-  '^  _  -t  •'  " 

to"the"d^-    '^'^^'upl^s  are  (§  281)  directly  as  the  moments   of  the   couples, 
the'earth's'  ^"'^  inversely  as  the  earth's  moment  of  inertia  round  an  equa- 
"rwcfr^*^^'^  torial  diameter.    But  the  integral  results,  observed  in  Precession 
^^^'^y^°*'' and   Nutation,   %vould,   if    the   earth's    condition    varied,   vary 
directly  as   C  —  A,  and  inversely  as  C.     We  have  seen  (§  794) 
that   if   the    interior   distribution   of   density   were   varied    in 
any  way  subject  to  the  condition    of  leaving   the   superficial, 
and    consequently    (§    793)    the    exterior,   gravity   unchanged, 
C  —  A  remains  unchanged.      But   it   is  not  so  with  G,  which 
will  be  the  less  or  the  greater,  according  as  the  mass  is  more 
condensed  in   the   central  parts,  or  more  nearly  homogeneous 
to  within  a  small  distance  of  the  surface :  and  thus  it  is  that  a 
comparison  between  dynamical  theory  and  observation  of  Pre- 
cession and  Nutation  gives  us  information  as  to  the    interior 
distribution   of  the   earth's  density  I'just  as  from  the  rate   of 
Precession    acceleration   of   balls   or   cylinders   rolling   down   an    inclined 
raation  iw    plane  we  can  distinguish  between  solid  brass  gilt,  and  hollow 

totliP<lis-     '■  ®  .  .  . 

tributionof  gold,  shells   of  equal   weight   and    equal  surface   dimensions): 

the  earths    »'  ,      ■     r  ■  111/.  1/-  , 

mass.  while  no  such  information  can  be  had  from  the  figure  of  the 

sea  level,  the  surface  distribution  of  gravity,  or  the  disturbance 
of  the  moon's  motion,  without  hypothesis  as  to  primitive  fluidity 
or  present  agreement  of  surfaces  of  equal  density  with  the 
surfaces  which  would  be  of  equal  pressure  were  the  whole 
deprived  of  rigidity. 

The  con-  827.     But   we   shall    first  find   what  the  magnitude  of  the 

p^cccMion   terrestrial  constant  (C  —  A) /C  of  Precession  and  Nutation  would 

fro'inLn-      be,  if  Laplacc's  were  the  true  law  of  density  in  the  interior  of 

pares  aw.  ^^^^  earth  J  and  if  the  layers  of  equal  density  were  level  for  the 

present  angular  velocity  of  rotation.     Every  moment  of  inertia 

involving  the  latter  part  of  this  assumption  will  be  denoted  by 

a  black-letter  capital. 

The  moment  of  inertia  about  the  polar  axis  is,  by  §  281, 

©  =  2  f  f  '  f  '  pr*  sin  edvded<i> .  v'  sin*  d, 
Jo  Jo   Jo 

the  first  factor  under  the  integral  sign  being  an  element  of  the 
mass,  the  second  the  sqtiare  of  its  distance  from  the  axis. 
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For    the    moment    of    inertia   about   another   principal    axis  The  cou- 

(which  may  be  any  equatorial  radius,  but  is  here  taken  as  that  Precessiou 

lying  in  the  plane  from  which  <^  is  measured),  we  have  from  La- 

place's law. 

^,  =  2  f  V  f ""  pr-"  sin  OdvdOd4> .  r  (1  -  sin'  6  sin'  </>). 

Jo  Jo   Jo 

Now,  by  §  823,  we  have 

r  =  r  [1  +  e  (|.  -  cos- ^)], 

"where  r  denotes  the  mean  radius  of  the  surface  of  equal  density 
passing  through  r,  0,  (ft ;  whence 

r\lv  =  i  --  dr  =  r^dr  +  (I  -  cos' 6)  -r-  (r^e)  dr. 


Let  Wr'dr^K 

Jo 

r^    d 


r   d 

and  p  —  (r^e)  dr  =  K, 

Jq"^  dr^     '  'J 

Then      e  =  2  f'"  [""  sin^  6d6d<^  [K  +  K^  (^  -  cos^^)] 


> (16). 


or  C  =  fir  A''  nearly (17). 

@-a  =  2  J  "  J  "  shxedOdcj,  [Z  +  /i,  (^  -  cos'^)]  (sin^  ^  -  1  +  siu^^  .-^in^c/,) 

=  ^^^'\   (IS). 


Now  we  have 


K=   t'  pr\lr  =  F  (%^  sin  -  dr, 
Jo  Jo  k 


X 

or,  if  we  put  as  before  0  =  -  ,    t  —  tan  0, 

K  -  Fk^  cos  ^  ( -  6'  +  Ze-t  +  6^  -  60. 

Again  iT,  =   I   p  -7-  (r^e)  c??-  =  x'^q  -  \    r^e  -f-  dr, 

Jo     '"'  .'0         dr 

and  this,  by  (10)  of  last  section,  becomes 

A\  =  5fe  j'prdr-^p^ (19). 

Jo  oir 

=  5  {e-^m)FK*6'{t- 6)  cose. 
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The  con- 
stant of 
rrcct'ssion 
(letluced 
from  Lb- 
place'sLi.w. 


i«0 


6*{t-e) 


-(f'  +  Wi  +  m-Qt 


=  (C  -  hn) 


2  +  (I  -  66/-") « 
t  —  hn 


.(20) 


(21). 


l-6(f-l)/f6^ 

From  these  formulfe  the  uumbers  in  Columu  vi.  of  the  table  in 
§  824  were  calculated.     By  (18)  and  (19)  we  see  that 

=  §.l/t'(c-Jm) (2i), 

which  agrees,  as  it  ought  to  do,  with  (15)  of  §  825. 

A  comparison  of  (21)  and  (22)  then  shows  that 

(t-1)- 


C  =  lMx' 


[-^^^-] 


(23). 


Comparison 
of  Laplace's 
liypothesis 
with  obser- 
vation. 


The  com- 
pressibility 
involved 
in  the  hypo- 

tl'.esiik. 


828.  From  the  elaborate  investigations  of  Precession  and 
Natation  made  by  Le  Verrier  and  Serret,  it  appears  that  the 
true  value  of  (C-  A)IC  is,  very  approximately,  00327*.  This, 
according  to  the  table  of  §  824,  agrees  with  (C  -3)/C^  for /=  2-1, 
which  gives  t  =  ^.  These  are  (§§792,  796,  797)  about  the 
most  probable  values  which  we  can  assign  to  these  elements 
by  observation.  Tims,  so  far  as  we  have  the  means  of  testing  it, 
Laplace's  hypothesis  is  verified. 

829.  But,  as  a  fiirtlier  check  upon  Laplace's  assumption,  it 
is  necessary  to  inquire  whether  the  results  involve  anything 
inconsistent  with  experimental  knowledge  of  the  compressi- 
bility of  matter  under  such  pressures  as  we  can  employ  in  the 
laboratory.  For  this  purpose  the  first  column  has  been  added 
to  the  preceding  table.  From  it  may  be  deduced  the  compres- 
sibility of  the  upper  stratum  of  liquid  matter,  wliich  compo.sed 
the  crust  of  the  earth,  required  by  the  assumed  law  of  density, 
for  the  respective  values  of  6.  In  fact,  the  numbers  in  Col.  i. 
are  those  by  which  the  earth's  radius  must  be  divided  to  find 


Annales  de  V Observatoire  Imperial  de  Paris,  1859,  p.  824. 
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the  leno-ths  of  the  modulus  of  compression  (S  688)  of  the  upper-  Thecom- 

^  ^  r-i/-  •  pressibility 

most  layer  of  fluid,  according  to  the  surface  value  oi  gravity.        involved 


We  have,  by  §  824  (3), 


ill  the  hypo- 
thesis. 


F   .    r      clq         F  (sin  (?•/»<)      cos  (^V**)) 

=  r«i^:'  -T=--\ — z :: — p 


dr 


y 


whence,  at  the  surface, 


r  \      r 
Uhf 
q  dr 

The  corresponding  numbers   for   several    ditferent   liquid   and 
solid  substances  are  as  follows  : — 


"'-D 


Alcohol 
Water 

37 
29 

Compressi- 
bility of  lava 
required  by 
Laplace's 

Mercury 

Glass 

Copper 

27 
o-O 
8-1 

hypothesis, 
compared 
with  experi- 
mental 
data. 

Iron 

41 

Melted  Lava,  bv  L 

aplace's  law,  wil 

th7^=2-l 

4-42 

This  comparison  may  be  considered  as  decidedly  not  adverse 
to  Laplace's  law,  but  actual  experiments  on  the  compressibility 
of  melted  rock  are  still  a  desideratum. 


830.  In  §  276  it  was  proved  that  the  tides  must  tend 
to  diminish  the  angular  velocity  of  the  earth's  rotation  ;  it  may 
be  proved  (and  it  was  our  intention  to  do  so  in  a  later  volume) 
that  this  tendency  is  not  counterbalanced  to  more  than  a  very 
minute  degree  by  the  tendency  to  acceleration  which  results 
from  the  secular  cooling  and  shrinking  of  the  earth.  In  obser- 
vational astronomy  the  earth's  rotation  serves  as  a  time-keeper, 
and  thus  a  retardation  of  terrestrial  rotation  will  appear  astrono- 
mically as  an  acceleration  of  the  motion  of  the  heavenly  bodies. 
It  is  only  in  the  case  of  the  moon's  motion  that  such  an 
apparent  acceleration  can  be  possibly  detected.  Now,  as  Laplace 
first  pointed  out,  there  must  be  a  slow  variation  in  the  moon's 
mean  motion  arising  from  the  secular  changes  in  the  eccentricity 
of  the  earth's  orbit  round  the  sun.  At  the  present  time,  and 
for  several  thousand  years  in  the  future,  the  variation  in  the 
moon's  motion  has  been  and  will  be  an  acceleration.  Laplace's 
theoretical   calculation    of    the   amount    of    that    acceleration 


Numerical 
estimates 
of  the 
amount  of 
tidal  fric- 
tion. 

See  Appen- 
dix G  on 
Tidal 
Friction. 


Friction. 
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Numcricni    appeared  to  agree  well  with  the  results  which  were  in  his  day 
or  the'  *^*     accepted  a^  representing  the  facts  of  observations.     But  in  1853 

iiiiiount  or       <    1  .  /•  11 

tidal  frit-    Adams  wrote  a^  tollows  : — 

tio!i. 

SeeAppeii-       "In  the  M^canique  Celeste,  the  approximation  to  the  value 
Tidal  "  of  the  acceleration  is  confined  to  the  principal  term,  but  in  the 

"  theories  of  Damoiseau  and  Plana  the  developments  are  carried 
"  to  an  immense  extent,  particularly  in  the  latter,  where  the  mul- 
"  tiplier  of  the  change  in  the  square  of  the  eccentricity  of  the 
"earth's  orbit,  which  occurs  in  the  expression  of  the  secular 
"  acceleration,  is  developed  to  terms  of  the  seventh  order. 

"  As  these  theories  agree  in  principle,  and  only  differ  slightly 
"  in  the  numerical  value  which  they  assign  to  the  acceleration, 
"and  as  they  passed  under  the  examination  of  Laplace,  with 
"  especial  reference  to  this  subject,  it  might  be  supposed  that  at 
"  most  only  some  small  numerical  corrections  would  be  required 
"  in  order  to  obtain  a  very  exact  determination  of  the  amount  of 
"this  acceleration. 

"  It  has  therefore  not  been  without  some  surprise,  that  I  have 
"  lately  found  that  Laplace's  explanation  of  the  phenomenon  in 
"question  is  essentially  incumplete,  and  that  the  numerical 
"results  of  Damoiseau's  and  Plana's  theories,  with  reference 
"to  it,  consequently  require  to  be  very  sensibly  altered*." 

Hansen's  theory  of  the  secular  acceleration  is  vitiated  by  au 
error  of  principle  similar  to  that  which  affects  the  theories  of 
l)amoiseau  and  Plana,  but  the  mathematical  process  which  he 
followed  being  different  from  theirs,  he  arrived  at  somewhat 
different  results.  From  this  erroneous  theory  Hansen  found 
the  value  12"18  for  the  coefficient  of  the  term  in  the  moon's 
mean  longitude  depending  on  the  square  of  the  time,  the  unit 
of  time  being  a  century ;  in  a  later  computation  given  in  hia 
Darhgung,  he  found  the  coefficient  to  be  12"*56f. 

•  "  On  the  Secular  Variation  of  tho  Moon's  Mean  Motion,"  by  J.  C.  Adams. 
Phil.  Tram.  1853.  Vol.  143,  p.  397. 

+  It  appears  not  unusual  for  physical  astronomers  to  use  an  abbreviated 
phraseology,  for  specifying  accelerations,  which  needs  explanation.  Thns  when 
they  speak  of  the  secular  acceleration  being  e.g.  "  12"'56  in  a  century";  they 
mean  by  "  acceleration  "  what  is  more  properly  "  the  efifect  of  the  acceleration 
on  the  moon's  moan  lonpitiKle."  The  correct  unabbreviated  statement  is  "the 
acceleration  is  25"'12  per  century  per  century."     Thus  Hansen's  result  is  that 
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In  1859  Adams  communicated  to  Delaiinay  bis  final  result,  secular 

rt^    .  ~    ,  .  /.  variation 

namely  that  the  coefficient  of  this  term  appears  irom  a  correctly  of  moon's 

„,  IIP       mean  mo- 

conducted  investigation  to  be  5  l,  so  that  at  the  end  oi  a  tion 
century  the  moon  is  5"*7  before  the  position  it  would  have  had 
at  the  same  time,  if  its  mean  angular  velocity  had  remained  the 
same  as  at  the  beginning  of  the  century.  Delaunay  verified 
this  result,  and  added  some  further  small  terms  which  increased 
the  coefficient  from  5"'7  to  6"'l. 

Now,  according  to  Airy,  Hansen's  value  of  the  "  advance " 
represents  very  well  the  circumstances  of  the  eclipses  of 
Agathocles,  Larissa  and  Thales,  but  is  if  anything  too  small. 
Newcomb  on  the  other  hand  is  inclined  from  an  elaborate 
discussion  of  the  ancient  eclipses  to  believe  Hansen's  value  to 
be  too  large,  and  gives  two  competing  values,  viz.  8"'4<  and 
10"-9* 

In  any  case  it  follows  that  the  value  of  the  advance  as 
theoretically  deduced  from  all  the  causes,  known  up  to  the 
present  time  to  be  operative,  is  smaller  than  that  which  agrees 
with  observation.  In  what  follows  12"  is  taken  as  the  obser- 
vational value  of  the  "  advance,"  and  6"  as  the  explained  jDart 
of  this  phenomenon.     About  the  beginning  of  1866  Delaunay  partly  ex- 

^  IT  -1      plained  by 

suggested  that  the  true  explanation  of  the  discrepancy  might  tidal  fric- 
be  a  retardation  of  the  earth's  rotation  by  tidal  friction.  Using 
this  hypothesis,  and  allowing  for  the  consequent  retardation  of 
the  moon's  mean  motion  by  tidal  reaction  (§  276),  Adams,  in  an 
estimate  which  he  has  communicated  to  us,  founded  on  the 
rough  assumption  that  the  parts  of  the  earth's  retardation  due 

in  each  century  the  mean  motion  of  the  moon  is  augmented  by  an  angular 
velocity  of  2.5"-12  per  century ;  so  that  at  the  end  of  a  century  the  mean 
longitude  is  greater  by  },  of  25"-12  than  it  would  have  been  had  the  moon's 
mean  motion  remained  the  same  as  it  was  at  the  beginning  of  the  century. 
Considering  how  absurd  it  v.'ould  be  to  speak  of  a  falling  body  as  experi- 
encing an  acceleration  of  16  feet  in  a  second,  or  of  64  feet  in  two  seconds ; 
and  how  false  and  inconvenient  it  is  to  speak  of  a  watch  being  20  seconds  fast 
when  it  is  20  seconds  in  advance  of  where  it  ought  to  be,  we  venture  to  suggest 
that,  to  attain  clearness  and  correctness  without  sacrifice  of  brevity,  "  advance" 
be  substituted  for  "acceleration"  in  the  ordinary  astronomical  phraseology. 

*  See  Researches  on  the  Motion  of  the  Moon  (Washington,  1878),  by  Simon 
Newcomb,  Part  i.  pp.  13  and  280. 
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Numerii-ai    to  solar  aud  liinar  tides  are  as  the  squares  of  the  respective  tide- 
ofamount    creneratincr  forces,  finds  22  sec.  as  the  error  by  which  the  earth, 

iif  tidal  re-     o  o  '' 

tardation     resarded  as  time-keeper,  would  in  a  century  get  behind  a  perfect 

of  earth's  »  ^'  rrni 

rotation,  clock  rated  at  the  beginning  of  the  century.  Ihus  at  the 
end  of  a  century  a  meridian  of  the  earth  is  330"  behind  the 
position  in  which  it  would  have  been,  if  the  earth  had  con- 
tinued to  rotate  with  the  same  angular  velocity  which  it  had  at 
the  beginning  of  the  century*, 
iiiermo-  Besides  the  secular  contraction  of  the  earth  in  cooling,  re- 

acceieration  ferred  to  above,  which  counteracts  the  tidal  retardation  of  the 

ofeartU'i  .  . 

lotation.  earth's  rotation  to  a  very  minute  degree,  there  exists  another 
counteracting  influence,  as  has  been  pointed  out  by  Sir  WiUiam 
Thomson -f-,  which,  though  much  more  considerable,  is  still  but 
small  in  the  amount  of  its  accelerative  effect,  compared  with 
the  actual  retardation  as  estimated  by  Adams.  It  is  an  ob- 
served fact  that  the  barometer  indicates  variations  of  pressure 
during  the  day  and  night,  and  it  is  found  that  when  these 
variations  are  analysed  into  their  diurnal  and  semi-diurnal  har- 
monic constituents,  the  semi-diurnal  constituent  rises  to  its 
maximum  about  10  a.m.  and  10  p.m.  The  crest  of  the  nearer 
atmospheric  tidal  protuberance  is  thus  directed  to  a  point  in  the 
heavens  westward  of  the  sun,  and  the  solar  attraction  on  these 
protuberances  causes  a  couple  about  the  earth's  axis  by  which 
the  rotation  is  accelerated.  As  the  barometric  oscillations  are 
due  to  solar  radiation,  it  follows  that  the  earth  and  sun  together 
constitute  a  thermodynamic  engine.  Sir  William  Thomson 
computes,  as  a  rough  approximation,  that  from  this  cause  tlie 
earth  gains  about  27  seconds  in  a  century  on  a  perfect  chro- 

R<-tardation  nouietcr  set  and  rated  at  the  beginning  of  the  century.    On  the 

from  fall  •      ^  ,  , 

of  meteoric  other  hand  the  fall  of  meteoric  dust  on  to  the  earth  must  cause 

dust. 

a    small   retardation   of  the  earth's    rotation,   although  to  an 
amount  probably  quite  insensible  in  a  century. 

*  See  Appendix  G  (a),  where  Mr  G.  H.  Darwin  verifies  Professor  Adams's 
computation,  and  shows  that  the  combination  of  Hansen's  12"-56  withDelaunay's 
G"'l  would  show  the  earth  to  be  losing  23-4  sec.  in  the  circumstances  defined  in 
the  text;  aud  that  the  combination  of  Newcomb's  8""4  with  Delannay's  6"'l 
would  give  a  result  of  8'3  sec.  instead  of  23"4. 

t  SocictS  de  Physique,  Sept.  1881;  or  Eoyal  Society  of  Edinburgh,  Session 
1881—82,  p.  396. 
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Whatever   be   the  value  of  the   retardation   of  the   earth's  causes  for 
rotation,  it  is  necessarily  the  result  of  several  causes,  of  which  prepon- 

1-1  TP  X  derant. 

tidal  friction  is  almost  certainly  preponderant.  It  we  accept 
Adams's  estimate  (according  to  which  the  earth  would  in  a 
century  get  22  sec.  behind  a  perfect  clock  rated  at  the  beginning 
of  the  century)  as  applicable  to  the  outcome  of  the  various 
concurring  causes,  then  if  the  rate  of  retardation  giving  the 
integral  effect  were  uniform,  the  earth  as  a  time-keeper  would 
be  going  slower  by  '22  of  a  second  per  year  in  the  middle,  and 
by  --i^  of  a  second  per  year  at  the  end,  than  at  the  beginning 
of  the  century. 

The  latter  is  fj^^^Yoi  ^f  the  present  angular  velocity;  and 
if  the  rate  of  retardation  had  been  uniform  during  ten  mil- 
lion centuries  past,  the  earth  must  have  been  rotating  faster 
by  about  one -seventh  than  at  present,  and  the  centrifugal 
force  must  have  been  greater  in  the  proportion  of  817^  to  717^ 
or  of  67  to  51.  If  the  consolidation  took  place  then  or  earlier, 
the  ellipticity  of  the  upper  layers  must  have  been  ^^jj  instead 
of  about  oJn=r.  as  it  is  at  present.     It  must  necessarily  remain  Date  of 

<>ou'  r  ...  consolida- 

uncertain  whether  the  earth  would  from  time  to  time  adjust  tion  of 
itself  completely  to  a  figure  of  equilibrium  adapted  to  the 
rotation.  But  it  is  clear  that  a  want  of  complete  adjustment 
would  leave  traces  in  a  preponderance  of  land  in  equatorial 
regions.  The  existence  of  large  continents  (§  832'),  and  the 
great  effective  rigidity  of  the  earth's  mass  (§  848),  render  it 
improbable  that  the  adjustments,  if  any,  to  the  appropriate 
figure  of  equilibrium  would  be  complete.  The  fact  then  that 
the  continents  are  arranged  along  meridians,  rather  than  in  an 
equatorial  belt,  affords  some  degree  of  proof  that  the  consolida- 
tion of  the  earth  took  place  at  a  time  when  the  diurnal  rotation 
differed  but  little  from  its  present  value.  It  is  probable  there- 
fore that  the  date  of  consolidation  is  considerably  more  recent 
than  a  thousand  million  years  ago.  It  is  proper  however  to 
add  that  Adams  lays  but  little  stress  on  the  actual  numerical 
values  which  have  been  used  in  this  computation,  and  is  of 
opinion  that  the  amount  of  tidal  retardation  of  the  earth's 
rotation  is  quite  uncertain. 

In  Appendix  D,  §  ( j)   it  is  shown,  from  the  theory  of  the 
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Ar)5ument 
from  (•f)ol- 
inp  of  the 
earth. 


Abrupt 
changes  of 
interior 
density, 
not  im- 
probable. 


Two  non- 
tnixinfc 
liquids  of 
different 
densities, 
»-ach  homo- 
geneous. 


conduction  of  heat,  that  the  date  of  consolidation  may  be  about 
a  hundred  million  years  ago  ;  but  that  in  all  probability  it 
cannot  have  been  so  remote  as  five  hundred  million  years  from 
the  present  time. 

831.  From  the  known  facts  regarding  compressibilities  of 
terrestrial  substances,  referred  to  above  (§  829),  it  is  most 
probable  that  even  in  chemically  homogeneous  substances  there 
is  a  continuous  increase  of  density  downwards  at  some  rate 
comparable  with  that  involved  in  Laplace's  law.  But  it  is  not 
improbable  that  there  may  be  abrupt  changes  in  the  quality  of 
the  substance,  as,  for  instance,  if  a  large  portion  of  the  interior 
of  the  earth  had  at  one  time  consisted  of  melted  metals,  now 
consolidated.  We  therefore  append  a  solution  of  the  problem 
of  determining  the  ellipticities  of  the  surfaces  of  a  rotating 
mass  consisting  of  two  non-mixing  fluids  of  different  densities, 
each,  however,  being  supposed  incompressible. 

Let  the  den.sities  of  the  two  liquids  be  p  and  p  +  p',  the  latter 
forming  the  spheroid 

r  =  a[l  +  €{^-coK'e)] (1), 

and  the  former  filling  the  space  between  this  spheroid  and  the 
exterior  concentric  and  coaxal  .surface 

r  =  a[l  -^£(^-cos*^)] (2). 

Also  let  the  whole  revolve  with  uniform  angular  velocity  w.  The 
conditions  of  equilil)nuni  are  that  the  surface  of  each  spheroid 
must  be  an  equipotcntiul  surface. 

Now  the  potential  at  a  point  r,  6,  in  the  outer  fluid  is 
47rp[i(3a''-0^4r»c(^-cos*d)]l 


.(3). 


The  first  line  is  the  potential  due  to  a  liquid  of  density  p  filling 
the  larger  .s[)heroid,  the  second  that  due  to  a  liquid  of  density  p' 
filling  the  inner  spheroid,  the  third  is  the  potential  {^w'r*  sin'O) 
of  centrifugal  force  ari-anged  in  solid  harmonics. 
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Substituting  in  (3)  the  values  of  r  from  (1)  and  (2)  succes- Two non- 

...  ,  .        mixing 

sively,  neglectinji  squares,  etc.,  of  the  ellipticities,  and  equating  liuidsof 
<•     1  n,^    ■  r-     1  o/ix  1  different 

to  zero  the  sum  of  the  coefficients  of  (i  —  cos* (9) :  we  have  two  densities, 

-  ,  .  1  ,.     ,  each  homo- 

equations  h'om  which  we  nnd  geneous. 

Tlie  corresjionding  value  of  e'  is  to  be  found  from  the  equation 

Expressing  o)^  in  terms  of  the  known  quantity  m  we  have         mT"  "^"' 

fluids  of 

—  =|m(p  +  ^  p  j  (O)-        densities. 

Also,  to  a  sufficient  approximation,  we  have 

^       ,^      ^\  (6), 

^=l'ra'(p  +  ^p')    J 

and  the  mean  density  is  obviously  p  +  -3  p' (7). 

The  numerical  values  of  the  expressions  (4)  and  (7)  aie  approxi- 
mately known  from  observation  and  experiment,  so  that  if  we 
assume  a  value  of  a  la  we  can  at  once  find  p  and  p',  and,  from 
them,  the  value  of  (C-  A)IC. 

From  the  formulas  just  given  it  is  easy  to  show  that  results 
closely  agreeing  with  observation  as  regards  precession,  ratio 
of  surface  density  to  mean  density,  and  ellipticity  of  sea  level 
may  be  obtained  without  making  any  inadmissible  hypotheses 
as  to  the  relative  volumes  and  densities  of  the  two  assumed 
liquids.     But  this  must  be  left  as  an  exercise  for  the  student. 

832.     These    estimates,    and    all    dynamical    investigations  Rigidity  of 

''  1       /.  the  earth: 

(whether  static  or  kinetic)  of  tidal  phenomena,  and  of  pre- 
cession and  nutation,  hitherto  published,  with  the  exceptions 
referred  to  below,  have  assumed  that  the  outer  surface  of  the 
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Rigidity  of  solid  earth  is  absolutely  uiivieldincj.     A   few    years   ago*,  for 

the  earth:  .  "  .  . 

the  first  time,  the  question  was  raised :   Does  the  earth  retain 

its   figure   with   practically  perfect   rigidity,  or   does   it   yield 

sensibly  to   the  deforming  tendency  of  the  moon's  and  sun's 

attractions  on  its  upper   strata   and  interior   mass  ?    It   must 

yield  to  some  extent,  as  no  substance  is  infinitely  rigid :    but 

whether  these  solid  tides  are  sufficient  to  be  discoverable  by 

any  kind  of  observation,  direct  or  indirect,  has  not  yet  been 

pro.nt  ascertained  (see  §  847).    The  negative  result  of  attempts  to  trace 

neKativeUio  their  influence  on  ocean  and  lake  tides,  as  hitherto  observed, 

hvpouio^is   suffices,  as  we  shall  see,  to  disprove  the  hypothesis,  hitherto  so 

solid  crust,  prevalent,  that  we  live  on  a  mere  thin  shell  of  solid  substance, 

enclosing  a  fluid  mass  of  melted  rocks  or  metals,  and  proves,  on 

the  contrary,  that  the  earth  as  a  whole  is  much  more  rigid  than 

any  of  the  rocks  that  constitute  its  upper  crust. 

Theinternai      832'.     Since  the  first  edition  of  this  work  appeared,  certain 

stress  ...  . 

oaus.dii!     further  investigations  have  been    made,  the  results  of  which 

the  e-'irtli  by  ... 

thi-wei^riit   from  a  ditferent  point  of  view  confirm  the  conclusion  at  which 

of  COIltl-  _  *■ 

iients.  y^'Q  have  arrived  concerning  the  solidity  of  the  earth.  This 
subject,  forming  a  point  of  confluence  of  the  sciences  of  astro- 
nomy and  geology,  appears  of  some  importance,  so  that  we 
propose  to  give  a  short  account  of  these  investigations "f". 

The  mathematical  theory  of  elastic  solids  imposes  no  restric- 
tions on  the  magnitudes  of  the  stresses,  except  in  so  far  as  that 
mathematical  necessity  requires  the  strains  to  be  small  enough 
to  admit  of  the  principle  of   superposition.     Nature  however 
Coiuiiti.)iis   does  impo-se  a  limit  on  the  stresses:  if  they  exceed  a  limit  the 
elasticity     elasticity  breaks  down,  and  the  solid  either  flows  (as  in  the 

breaks  ,  .   '  ,  .  ,  /  i  i 

downnnd     punching  or  crushiug  01  metals]:)  or  niptures  (as  when  glass  or 

rupture       stnne  breaks  under  excessive  tension).     It  follows  therefore  that 

besides  the  question  of  the  earth's  rigidity,  on  which  depends  tiie 

*  "  On  the  Rigidity  of  the  Earth."  ^V.  Thom.'^on.  Trant.  R.  S.,  May  18G.3, 
p.  573. 

t  "  On  the  StreBse.^  caused  in  the  Interior  of  the  Earth  by  the  Weight  of 
Continents  and  Mountains,"  by  O.  H.  Darwin.  Phil.  Trant.  Vol.  173,  Part  i. 
p.  187.  1882.  [Reprinted  with  certain  corrections  in  his  Scientific  Papers, 
Vol.  11.  p.  459.     G.  H.  D.] 

t  See  the  account  of  Tresca's  most  interesting  experiments  on  the  flow  of 
solids.     M^moires  Prfsentis  a  VInttitut,  Vol.  18.    1868. 
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amount  of  straining  due  to  tidal  or  other  stresses,  there  is  an  Rigidity  of 
important  question  as  to  the  strength  of  the  materials  of  the  conditions 

QQvfli  underwhich 

*=<^i-^li-  elasticity 

breaks 

The  theory  of  elastic  solids  as  developed  in  §§  658,  663,  &c.,  ^^o^and 
shows  that  when  a  solid  is  stressed,  the  state  of  stress  is  com-  rupture, 
pletely  determined  when  the  amount  and  direction  of  the  three 
principal  stresses  are  known,  or,  speaking  geometrically,  when 
the  shape,  size,  and  orientation  of  the  stress  quadric  is  given. 
It  is  obvious  that  the  tendency  of  the  solid  to  rupture  must  be 
intimately  connected  with  the  shape  of  this  quadric. 

The  precise  circumstances  under  which  elastic  solids  break  Provisional 

,  I'l  1  1  !•  ■  ^    ^  •  reckoningof 

have  not  hitherto  been  adequately  mvestiQjated  by  experiment,  tendency  to 

T  -1  11  •  1  i-n-        rupture  by 

it  seems  certain  that  rupture  cannot  take  place  without  diiier-  difference 

•        f  m  1-  •  /-i  -11  between 

ence  of  stress  m  dineient  directions.     One  essential  element  greatest 

T  rv  ^      least 

therefore  is  the  difference  between  the  o-reatest  and  least  of  the  principal 

°  _     stresses. 

three  principal  stresses.  How  much  the  tendency  to  break  is 
influenced  by  the  amount  of  the  intermediate  principal  stress  is 
quite  unknown.  The  difference  between  the  greatest  and  least 
stresses  may  however  be  taken  as  the  most  important  datum 
for  estimatmg  tendency  to  break.  This  difference  has  been 
called  by  Mr  G.  H.  Darwin  (to  whom  the  investigation  of  which 
we  speak  is  due)  the  "  stress-difference."  It  may  be  proved 
that  the  greatest  tangential  stress  at  any  point  is  equal  to  half 
the  stress-difference.  In  the  case  of  a  wire  under  simple  longi- 
tudinal stress,  "the  tenacity"  is  estimated  by  the  stress  per  unit 
area  of  section  under  Avhich  the  wire  breaks.  In  this  case  two 
of  the  princij)al  stresses  are  zero,  and  the  third  is  the  longitudinal 
tension;  thus  tenacity  is  a  word  to  define  "limiting  stress- 
difference"  when  produced  in  a  special  manner.  Engineers 
have  made  a  great  many  experiments  on  the  strength  of 
materials  for  sustaining  tensional  and  crushing  stresses*,  and 
their  experiments  afford  data  for  a  comparison  between  the 
strength  Avhich  analysis  shows  that  the  materials  of  the  earth 
must  possess  in  the  interior,  and  that  of  the  solids  which  have 
been  submitted  to  experiment. 

*  See,  for  example,   Eankine's  Useful  Rules  and  Tables.  Griffin,  Loudon, 
1873  ;  and  Sir  W.  Thomson's  Elasticity.    Black,  Edinburgh,  1878. 


424 


ABSTRACT    DYNAMICS. 


[832'. 


KipiJity  of 
the  i-anh. 


Woipht  of 
continents 
proiiuces 
internal 
stress  in 
the  eartti. 


StKM  when 

the  ellip- 
ticity  of  the 
!<pheroid  is 
not  •)>- 
()ropriate 
to  tli.> 
diurnal 
rotation. 


We  have  in  §  797  been  occupied  with  the  results  of  obsen-a- 
tions  giving  the  form  of  ellipsoid  which  most  nearly  satisfies 
geodetic  and  gravitational  experiments,  but  the  existence  of  dry 
land  proves  that  the  earth's  surface  is  not  a  figure  of  equilibrium 
appropriate  to  the  diurnal  rotation.  Hence  the  interior  of  the 
earth  must  be  in  a  state  of  stress,  and  as  the  land  does  not  sink 
in,  nor  the  sea-bed  rise  up,  the  materials  of  which  the  earth  is 
made  must  be  strong  enough  to  bear  this  stress. 

We  are  thus  led  to  inquire  how  the  stresses  are  distributed  iu 
the  earth's  mass,  and  what  are  magnitudes  of  the  stresses. 

Mr  Darwin  has,  by  means  of  the  analysis  of  §  834,  solved  a 
problem  of  the  kind  indicated  for  the  case  of  a  homogeneous 
incompressible  elastic  sphere,  and  has  applied  the  results  to  the 
discussion  of  the  strength  of  the  interior  of  the  earth. 

If  the  earth  were  formed  of  a  crust  with  a  semi-fluid  interior, 
the  stresses  in  that  crust  must  be  greater  than  if  the  whole  mass 
be  solid,  very  far  greater  if  the  crust  be  thin ;  and  therefore  this 
investigation  cannot  give  as  its  result  stresses  greater  than 
those  which  exist  in  reality. 

He  has  only  treated  the  problem  for  the  class  of  inequali- 
ties called  zonal  harmonics;  that  is  (§  781)  inequalities  con- 
sisting of  a  number  of  undulations  running  round  the  globe  in 
parallels  of  latitude.  The  number  of  crests  is  determined  by 
the  order  of  the  harmonic.  The  second  harmonic  constitutes 
simply  ellipticity  of  the  spheroid,  A  harmonic  of  a  hif^h  order 
may  be  described  as  a  series  of  mountain  cjjains,  with  inter- 
vening valleys,  running  round  the  globe  in  parallels  of  latitude, 
estimated  with  reference  to  the  chosen  equator. 

In  the  case  of  the  second  harmonic  it  is  shown  by  Mr  Darwin 
that  the  stress-difference  rises  to  a  maximum  at  tiie  centre  of 
the  globe,  and  is  constant  all  over  the  surface.  The  central 
stress-difference  is  eight  times  as  great  as  that  at  the  surface. 

On  evaluating  the  stre.ss-difference  arising  from  given  ellip- 
ticity in  a  rotating  spheroid  of  the  size  and  density  of  the  earth, 
it  appears  that  if  the  excess  or  defect  of  ellipticity  above  or 
below  the  equilibrium  value  were  -i— .  then  the  stress-difference 


I  000 


at  the  centre  would  be  12  x  10'  grammes  weight  per  square 
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centimetre :  and  that,  if  the  sphere  were  made  of  material  as  Eigidityof 
strong  as  brass,  it  would  be  just  on  the  point  of  rupture.    Again,  stress  when 
if  the  homogeneous  earth,   with  ellipticity  -1-,  were   to   stop  tidty  of  "the 

^"^^  spheroid  is 

rotating,  the  central  stress-difference  would  be  50  x  10  grammes  notap- 

,,,.»,  J,  propnate 

weio-ht   per  centimetre,  and    it  would   break  if  made   of  any  to  the 
material  except  the  finest  steel.  rotation. 

The  stresses  produced  by  harmonic  inequalities  of  high  orders 
are  next  considered  in  the  paper  to  which  we  refer.  This  is  in 
effect  the  case  of  a  series  of  parallel  mountains  and  valleys,  cor- 
rugatino-  a  mean  level  surface  with  an  infinite  series  of  parallel 
ridges  and  furrows. 

It  is  found  that  the  stress-difference  depends  only  on  the 
depth  below  the  mean  surface,  and  is  independent  of  the  position 
of  the  point  considered  with  regard  to  ridge  and  furrow. 

Numerical  calculation  shows  that  if  we  take  a  series  of  moun-  stress  due 

to  a  series 

tains,  whose  crests  are  4,000  metres  (or  about  13,000  feet)  above  of  parallel 
the  intermediate  valley  bottoms,  formed  of  rock  of  specific  chains. 
gravity  28,  then  the  maximum  stress-difference  is  4  x  10®  grammes 
\veio"ht  per  square  centimetre  (about  the  tenacity  of  cast  tin) ; 
also  if  the  mountain  chains  are  314  kilometres  apart,  the  maxi- 
mum stress- difference  is  reached  at  50  kilometres  below  the 
mean  surface. 

The  solution  shows  that  the  stress-difference  is  nil  at  the 
surface.  It  is,  however,  only  an  approximate  solution,  for  it 
will  not  give  the  stresses  actually  in  the  mountain  masses,  but 
it  ffives  correct  results  at  some  four  or  five  kilometres  below  the 
mean  surface. 

The  cases  of  the  harmonics  of  the  4th,  6th,  8th,  10th,  and  12th 
orders  are  then  considered  ;  and  it  is  shown  that,  if  we  suppose 
them  to  exist  on  a  sphere  of  the  mean  density  and  dimensions  of 
the  earth,  and  that  the  height  of  the  elevation  at  the  equator  is 
in  each  case  1,500  metres  above  the  mean  level  of  the  sphere, 
then  in  each  case  the  maximum  stress-difference  is  about  6  x  10* 
grammes  weight  per  square  centimetre.  This  maximum  is 
reached  in  the  case  of  the  4th  harmonic  at  1,840  kilometres, 
and  for  the  12th  at  560  kilometres,  from  the  earth's  surface. 

In  the  second  part  of  the  paper  it  is  shown  that  the  great 
terrestrial  inequalities,  such  as  Africa,  the  Atlantic  Ocean,  and 
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Rigidity  of  America,  are  represented  by  a  harmonic  of  the  4th  order :  and 

the  earth.        ii-  i  i'/«i  ii- 

that,  having  regard  to  the  mean  density  of  the  earth  being  about 
twice  that  of  superficial  rocks,  the  height  of  the  elevation  is  to 
be  taken  as  about  1,500  metres. 

Six  hundred  thousand  grammes  per  square  centimetre  is  the 

crushing  stress-difference  of  average  granite,  and  accordingly  it 

is  concluded  that  at  1,600  kilometres  from  the  earth's  surface 

the  materials   of  the    earth    must    be    at    least   as  stroncr  as 

Conclusion  granite.     A  very  closely  analogous  result   is  also  found  from 

strength  of   the  discussion  of  the  case  in  which  the  continent  has  not  the 

of  earth       regular  undulating  character  of  the  zonal  harmonics,  but  con- 

tude  of  "     sists  of  an  equatorial  elevation  with  the  rest  of  the  spheroid 

actual  con-  .  ,  i        •      i 

tineiits,       approximately  spherical. 

From  this  we  may  draw  the  conclusion,  that  either  the 
materials  of  the  earth  have  at  least  the  strength  of  granite  at 
1,600  kilometres  from  the  surface,  or  they  must  have  a  much 
greater  strength  near  to  the  surface. 

For  the  analysis  by  which  these  conclusions  are  supported  we 
must  refer  to  Mr  Darwin's  pajier. 

The  subject  of  this  investigation  has  an  important  connection 
with  the  date  of  the  earth's  consolidation  as  explained  in  §  830 
above. 

Tidal  inHii-       833.     The    character   of  the   deforming   tidal    influence    of 

ence  of  8UII  1  Ti 

and  moon    the  sun  aud    moon    will    be   understood  readily    by   consider- 
on  the  .  .  .       . 
earth.         ing  that  if  the  whole  earth  were  perfectly  fluid,  its  bounding 

surface  would  coincide  with  an  equipotential  .'surface  relatively 

to    the   attraction   of   its   ow^u    mass,  the  centrifugal  force  of 

its  rotation,  and  the  tide-generating  resultant  (§  804)  of  the 

moon's  and  sun's  forces,  and   their   kinetic  reactions*.     Thus 

•  It  was  our  intention  to  prove  in  Vol.  n.  that  the  "equilibrium  theory"  of 
the  tides  for  an  oconn,  whother  of  unifonn  density  or  denser  in  the  lower  parts, 
completely  covering  a  solid  nucleus,  requires  correction,  on  account  of  the  diurnal 
rotation,  but  less  aud  less  correction  the  smaller  this  nucleus  is ;  and  that  it  agrees 
perfectly  with  the  "kinetic  theory"  when  there  is  no  nucleus,  always  provided  the 
angular  velocity  is  not  too  great  for  the  ordinary  approximations  (§§  794,  801, 
802,  815)  which  require  that  there  be  not,  on  any  account,  more  than  an  in- 
finitely small  disturbance  from  the  spherical  figure.  It  is  interesting  to  remark 
that  this  proposition  does  not  require  the  tidal  deformations  to  be  small  in  com- 
parison with  the  70,000  feet  deviation  due  to  centrifugal  force  of  rotation. 
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(SS  819,  824')  there  would  be  the  full  equilibrium  lunar  and  Rigidity  of 

''''  .  "^  .  ^  .  .  the  earth. 

solar  tides ;  or  2|  times  the  amount  of  the  disturbing  de-  Tidal  influ- 
viation  of  level  if  the  fluid  were  homogeneous,  or  of  nearly  and^moon" 
twice  this  amount  if  it  were  heterogeneous  with  Laplace's  earth^ 
hypothetical  law  of  increasing  density.  If  now  a  very  thin 
layer  of  lighter  liquid  were  added,  this  layer  would  rest 
covering  the  previous  bounding  surface  to  very  nearly  equal 
depth  all  round,  and  would  simply  rise  and  fall  with  that  sur- 
face, showing  only  infinitesimal  variations  in  its  own  depth, 
under  tidal  influences.  Hence  had  the  solid  part  of  the  earth 
so  little  rigidity  as  to  allow  it  to  yield  in  its  own  figure  very 
nearly  as  much  as  if  it  were  fluid,  there  would  be  very  nearly 
nothing  of  what  we  call  tides — that  is  to  say,  rise  and  fall  of 
the  sea  relatively  to  the  land  ;  but  sea  and  land  together  would 
rise  and  fall  a  few  feet  every  twelve  lunar  hours.  This  would, 
as  we  shall  see,  be  the  case  if  the  geological  hypothesis  of  a 
thin  crust  were  true.  The  actual  phenomena  of  tides,  therefore, 
give  a  secure  contradiction  to  that  hypothesis.  We  shall  see 
indeed,  presently,  (§  841)  that  even  a  continuous  solid  globe,  of 
the  same  mass  and  diameter  as  the  earth,  would,  if  homogeneous 
and  of  the  same  rigidity  (§  680)  as  glass  or  as  steel,  yield  in  its 
shape  to  the  tidal  influences  three-fifths  as  much,  or  one-third 
as  much,  as  a  perfectly  fluid  globe;  and  fui'ther,  (§  842)  it  will 
be  proved  that  the  eff"ect  of  such  yielding  in  the  solid,  according 
as  its  supposed  rigidity  is  that  of  glass  or  that  of  steel,  would 
be  to  reduce  the  tides  to  about  |*or  |  of  what  they  would  be  if 
the  rigidity  were  infinite. 

834.  To  prove  this,  and  to  illustrate  this  question  of  elastic  Elastic 
tides  in  the  solid  earth,  we  shall  work  out  explicitly  the  solu- 
tion of  the  general  problem  of  §  696,  for  the  case  of  a  homo- 
geneous elastic  solid  sphere  exposed  to  no  surface  traction ; 
but  deformed  infinitesimally  by  an  equilibrating  system  of 
forces  acting  bodily  through  the  interior,  which  we  shall  ulti- 
mately make  to  agree  with  the  tide-generating  influence  of  the 
moon  or  sun.  In  the  first  place,  however,  we  only  limit  the 
deforming  force  by  the  final  assumption  of  §  738. 

Following  the  directions  of  §  732,  we  are    to  find,  the  two 

constituents  (a,  'yS,  ^-y)  and  (a^,  (3^,  y)  for  the  complete  sola- 
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Riridityof  tion;  of  which  the  first,  given  by  (6)  and  (7)  of  §  733,  is  as 

the  earth.  /.  n 

follows : — 

•*  "  "  2  (2t  +  5)  (m  +  n)  di  ^*'     '*'^ 

w  +  7il    2(2i+3)     (/a;        (2U  3)(2i  + 5)  (/x^    '*'  ']"'^  '' 

with  symmetrical  formulae  for  '^   and  'y;    which    [§  733  (6)], 


give  0  =  — 


m  +  n 


.(2). 


and,  [§  737  (28)],   ^^  =  -  o-fo^lx^'S 
•■  '-^  2  (2t  +  5)(?n  +  n)  _ 

These,  used  in  (29)  of  §  737  with  i+  2  for  i,  give 

which,  reduced  to  harmonics  by  the  proper  formula  [§737  (36)], 
becomes 

(2t  +  3)  (m  +  n)  C-  ^         dx  2i  +  o  dx  '\ 

This  and  the  symmetrical  formuljE  for  ^Gr  and  ^Ur,  with  r  taken 
equal  to  a,  express  the  components  of  the  force  f>er  unit  area 
which  would  have  to  be  balanced  by  the  application  from  without 
mfsphTs'tic'  '^^  surface  traction  to  the  bounding  surface  of  the  globe,  if  the 

frt-'-'at'sur-  strain  through  the  interior  were  exactly  that  expressed  by  (1). 

for'moli^iiv  Hence,  still  according  to  the  directions  of  §  732,  we  must  now 

monic  force.  ^^^^  ("/'  P.i  7,)  *^^  ^^^^^  ^^  interior  strain  which  with  no  force 

from  without  acting  bodily  through  the  interior,  would  result 
from  surface  traction  equal  and  opposite  to  that  (4).  Of  this 
part  of  the  problem  we  Jiave  the  solution  in  §  737  (52),  the  par- 
ticular data  bein;:  now 


At  _   m  +  (i  +  l)n       .dn\^t     A,.i_  (2t-t-5)»t-n         ^^i  *^  (ffr    ^+«     /-x 

a«*'      (2i  +  .3)(m  +  n)         dx    '    a-'         (2i  +  3)  (2i  +  5)  (m  +  n)        dx""    '*'      '"^''' 

with  symmetrical  terms  for  B^,  C,,  and  ^4+,,  C",^,;  but  none  of 
other  orders  than  i  and  i  +  2.  Hence  for  the  auxiliary  functions 
of  §  737  (50) 

_     (t.Hl)(2t4.1)[m  +  (^4.1)n]a-  . 

'-•''*'"  (2i  +  3)(,n  +  «)  "-I 

^      _.(»>2)[(2i^5).n-»1a-  \  --^  ^' 

(2i  +  3)(«i  +  n)  »K.^„  and  <!>.,,- U      J 


834.] 


STATICS. 


429 


Now  (52),  with  the  proper  terms  for  r  +  2  instead  of  t  added,  is  Rigidity  of 
1  1  .  ,     ,  ,      ,  .  ,  .  „  'the  earth. 

to  be  used  to  give  us  a/,  and  through  ihe  vanishing  of  ^^_^  and 

^ij.,,  it  becomes 

1+3  J 


'     n\i-ll2i{2i+l)    dx    ^a'-ij^2r^"      '^  > "- 


d^, 


<+i 


dx 


a-<-i  r(i  +  4)wi-C2/  +  3)m 


t[ 


-'+^^  (^<+ir-=*-^)  +  4i.,o,-i+2]j  ....(7), 


i+1  L  I(2t  +  o) 

where  for  brevity  we  put 

/-[2(i+2)-+  l]7n-(2i+3)7i (7>). 

To  this  we  must  add  'a,  given  by  (1),  to  obtain,  according  to 
§  732,  the  explicit  solution,  a,  of  our  problem.  Thus,  after 
somewhat  tedious  algebraic  reductions  in  which  m  +  n,  appearing 
as  a  factor  in  the  numerator  and  denominator  of  each  fraction,  is 
removed,  we  find  a  remarkably  simple  expression  for  a.  This, 
and  the  symmetrical  formulas  for  /8  and  y,  are  as  follows: — 


a  =  (&cr-  iF>-=)  '^3tl  _  (g,--|.  ( TF,^ ,  r--) 


dx 
dW 


(^r-^'^^{W,,,r—^)>.. 


dy 


•(8), 


where 


^  ^  (i+l)[(t  +  3)m-?i] 


'liln 
(i+2)(2i  +  5)r?i-(2i  +  3)?i 


2  (2i  +  3)  In 


05  ^   (^'  +  1)»^ 
^     (2t4-3)/ri 


.(9). 


The  infinitely  great  value  of  (B  for  the  case  t  =  0  depends  on 
the  circumstance  that  the  bodily  force  for  this  case,  being 
uniform  and  in  parallel  lines  through  the  whole  mass,  is  not  self 
eqxiilibratiug,  and  therefore  surface  stress  would  be  required  for 
equilibrium. 

The  formulas  (8)  are  susceptible  of  considerable  simplification 
if  we  complete  the  differentiations  in  their  last  terms.  We  shall 
at  the  same  time  separate  the  formulas  into  two  parts,  of  which 
one  has  for  coefficient  the  bulk-modulus,  and  the  other  the 
rigidity-modulus. 
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Tf  k  be  the  bulk-uiodulus,  or  modulus  of  resistance  to  com- 
l>ression,  we  have  by  §  698  (5), 

vi  =  k  +  ^n (9') ; 

and  n  is  the  rigidity  modulus. 
Thus  (7')  becomes 

/=[2(i  +  2)*  +  l]^+5/(t+l)n (9"). 

Also  on  completing  the  ditferentiation  we  have 

a  =  {tV  -  (j;  ^  G)  r]  '^i^  +  (2i-  +  3)  GxW^^, .  ...(9'"). 

Then,  on  substituting  in  (9)  for  m  from  (9'),  carrj-ing  the  results 
into  (9'")  and  separating  the  parts  depending  on  k  and  n,  we  have 


{2In)a^k[ 


{i  +  .i){a'-r')  +  H 


^n(t+l)|(a»-r=)'^  +  2xTr.„ 


Cbso  of 
incomnres- 
sihle  elastic 
aolid. 


and  symmetrical  formulie  for  [i  and  y. 

In  the  elastic  solids  of  which  we  have  experimental  know- 
ledge [§  684]  the  bulk-modulus  is  larger  than  the  modulus  of 
rigidity,  and  therefore  k  is  considerably  larger  than  \n  ;  thus 
the  terms  written  in  the  first  line  of  (S)^^)  are  practically  much 
more  important  than  those  in  the  second.  In  the  ideal  case 
of  an  absolutely  incompressible  elastic  solid,  the  terms  in  the 
second  line  of  (9''')  vanish,  and  Ijk  becomes  simply  2  (i  +  2)*  +  1, 
and  thus  we  have 

2rt[2(i+2)'+l]a  = 


(i  +  4)  (a*-  r«)  +  ^4- 


dW 

— ^'  +  2(t  +  nxTr,. 


(n 


and  symmetrical  formulas  for  ji  and  y. 

The  case  of  t=  1  is  that  with  which  we  are  concerned  in  the 
tidal  problem.   In  it  (7')  and  (9")  give  us 

/=  19m-57i=  19A  +^/i (10). 

To  prepare  for  terrestrial  applications  we  may  conveniently 
reduce  to  polar  co-ordinates  (distance  from  the  centre,  r; 
latitude,  I]  longitude,  X)  such  that 

x  =  r  cos  I  cos  X,  y  =  r  cos  I  sin  \,  z  =  r  sin  I (H); 
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and  denote  by  p,  /u,,  v,  the  corresponding  components  of  displace-  Rigidity  of 
ment.     The  expressions  for  these  will  be  precisely  the  same  as 

those  for  a,  (3,  y,  except  that  instead  of  -^ ,  as  it  appears  in  the 
expression  for  a,  we  have  ^-  in  the  expression  for  p  :  — -  in  that  Case  of 

dr  rdi  incompres- 

7  sible  elastic 

for  a,  and r-r-  in  that  for  v.     Also  in  transforminj?  from  a  ^°^^'^- 

r  cos  ld\  ^ 

to  p  we  must  put  a;  =  r,  and  in  transforming  fi-om  /3  and  y  to 

[i.  and  V,  y  and  z  must  be  put  zero.     Thus  if  we  put 

^y...-8,,/^'  n2), 

so  that  S^^■^  may  denote  the  surface  harmonic,  or  the  harmonic 
function  of  directional  angular  co-ordinates  I,  X,  corresponding 
to  TFj^j,  we  have  fi-om  (9'^) 

(2/«)p  =  (i  +  l)[^jii±^l|^±^^a2-(i  +  2)r=|+^n;(i-H)a2-(,--l)r2}J,.is^/ 
(2/n)M=  [i.Hi±l)ii±!)a2_(i  +  4)r^|+in(i  +  l)K-r-^)]r*%L  ^..(13). 

L    (  I  '  J  cos  ( 


.1    d\ 


lu  the  case  of  elastic  solids,  such  as  we  know  them  experi- 
mentally, the  terms  in  k  are  much  more  important  than  those 
in  n. 

Now  it  is  easy  to  show  that,  in  as  far  as  p  depends  on  the 
term  in  k,  it  reaches  a  maximum  value  when  r=aJl-l/{i+2)-; 
and  in  as  far  as  it  depends  on  the  term  in  n  it  would  algebrai- 
cally reach  a  maximum  when  r  =  a  Jl  +  2  /{{*+  2)  (^  -  1)}.  But 
this  latter  point  being  outside  of  the  sphere  it  follows  that  the 
term  in  7i  increases  from  the  centre  to  the  surface.  We  thus 
see  that  p  increases  from  zero  at  the  centre,  to  a  maximum 
value  near  the  surface,  and  then  diminishes  again. 


In  a  similar  manner  it  appeai-s  that  p  fr  reaches  a  maximum, 
as  far  as  concerns  the  term  in  k,  when  r  =  ajl  —  3J{i  (i  + 2)}; 
and  as  far  as  concerns  the  term  in  n,  when  r  =  a. 

When  i^l,  which  corresponds  to  the  case  of  the  tidal  pro- 
blem, we  have  from  (13) 
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(19/t +  Jn)n 
1 


[{8a^-3r')k  +  ^a'n]rS, 


dS. 


1 


V  = 


in)  It, 


[iSa'-5r')k+^{a*-r*)n] 


cos 


I  dK 


(U). 


2  (194^ -5- 

It  is  obvious  that  p/r  dioiinishes  from  the  centre  outwards  to 
the  surfiice ;  and  its  extreme  values  are 


at  the  centre 


P 
r 


8k  + 


kn 


(19/fc- 
5/5; 


at  the  surface  -=  .,., 
r      (19a; 


^n)n 


Ha'  /  ^nlk    \        1 

\9n\       l+^n/kj    *    I 

197i\       l+^n/kj    '   j 


.(15). 


CaSPS  :  — 

centrifugal 
force  :— 


When  the  disturbing  action  is  the  centrifugal  force  of  uniform 
rotation  with  angular  velocity  w,  we  have  as  found  above  (§  794) 
for  the  whole  potential 

W^^w{^u>'r'^lio'r'(l~cos'6)}  (16), 

where  w  denotes  the  mass  of  the  solid  per  unit  volume.  The 
effect  of  the  term  ^t/jwV  is  merely  a  drawing  outwards  of  the 
solid  from  the  centre  symmetrically  all  round ;  which  we  may 
consider  in  detail  later  in  illustrating  j^roperties  <»f  matter  in  our 
second  volume.  The  roniaindt-r  of  the  expression  gives  us 
according  to  our  present  notation 

W,  =  ^r{x'  +  y'-2z');  or  S,  =  wr  {^  -  cos' 6) (17), 


where 


=  h 


<D 


.(18). 


tifio-freno- 
mling  force. 


For  tide-generating  force  the  same  formulas  (14)  and  (15)  liold 
if  (§§804,  808,  813)  we  take 

M 


T  = 


_  S 


JJ' 


(19), 


and  alter  signs  so  as  to  make  the  strain -spheroids  pi'olate  instead 
of  oblate.  The  deformed  figure  of  each  of  the  concentric 
spherical  surfaces  of  the  sphere  is  of  course  an  ellipsoid  of 
revolution;  and  from  (15)  we  6nd  for  the  extremes: — 

ellipticit}-  of  centnil  strain  spheroids  =  i^    (  1  +  ,  ^^  , — -7  ) .  tor 

1^"V       1+  s\n/kJ  I 

5a*/.         ^7i/k    \  r''  '' 


of  free  suiface 
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From  these  results,  (8)  to  (20),  we  conclude  that  Eiasticsolid 

^   '         V      ''  tides. 

835.     Tbc  boimdiug  surface  and  concentric  interior  spherical 
suri'aces  of  a  homogeneous  elastic  solid  sphere  strained  slightly 
by  balancing  attractions  from  without,  become  deformed  into 
harmonic  s2jheroids  of  the  same  order  and  type  as  the  solid  har- 
monic expressing  the  potential  function  of  these  forces,  when 
they  are  so  expressible :  and  the  direction  of  the   component 
displacement  perpendicular  to  the  radius  at  any  point  is  the 
same  as  that  of  the  component  of  the  attracting  force  perpendi- 
cular  to   the    radius.      These    concentric    harmonic    spheroid.s  Homogene- 
although  of  the  same  type  are  not  similar.     When  they  are  of  solid  globe 
the  second  degree  (that  is  when  the  force  potential  is  a  solid  face;  de- 
harmonic  of  the  second  degree),  the  proportions  of  the  ellipti-  bodily  bar- 
cities  in  the  three  normal  sections  of  each   of  them  are  the 
same  in  all :  but  in  any  one  section  the  ellipticities  of  the  con- 
centric ellipsoids  increase  from  the  outermost  one  inwards  to 
the  centre,  in   the   ratio   of  bk  -\-  ^n  to  8k  +  |n,  or 


If  tVw/^  be  small,  as   is  in  general  the   case,   the  ratio  is  Case  of 

1  -^    '  °  .  second  de- 

approximately  i  +  s^n/k  :  1.  fm^'fic'dt 

r     1       formation, 

For  harmonic  disturbances  of  higher  orders  the  amount  oi  de-  diminishing 

°  .  .  from  ctntre 

viation  from  sphericity,  reckoned  of  course  in  proportion  to  the  out«^ards:- 
radius,  increases  from  the  surface  inwards  to  a  certain  distance,  gre^s  give 

'  .  greatest  pro- 

and  then  decreases  to  the  centre.     The  explanation  of  this  re-  ^^{[[^'^'jj;'^*' 
markable   conclusion  is   easily  given   without  analysis,  but  we  ^•""jjSther 
shall  confine  ourselves  to  doing  so  for  the  case  of  ellipsoidal  ^^^^^^'^'^^ace. 
disturbances. 

836.     Let  the  bodily  disturbing  force  cease  to  act,  and  let  synthetic 

JO  proof  of 

the  surface  be  held  to  the  same  ellipsoidal  shape    by  such  a  J^fj^'^™.^ 
distribution  of  surface  traction  i§^  693,  662)  as  shall  maintain  f^^^.'^^'^f'^^^' 
a  homogeneous   strain  throughout  the  interior.     The   interior  nation  of 
ellipsoidal    surfaces   of  deformation   will    now   become    similar  o'^'^'"- 
concentric  ellipsoids :  and  the  inner  ones  must  clearly  be  less 
elliptic  than  they  wei-e  when  the  same  figure  of  outer  boundary 
was  maintained  by  forces  acting  throughout  all  the    interior; 
VOL.  II.  28 


434 


ABSTRACT   DYNAMICS. 


[836. 


Rifridity  of 
the  earth. 


Synthetic 
proof  of 
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ellipticity 
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for  defor- 
mation of 
Heoond 
order. 


and,  therefore,  they  must  have  been  greater  for  the  inner  .sur- 
face. And  we  may  reason  .similarly  for  the  portion  of  the 
whole  solid  within  any  one  of  the  ellipsoids  of  deformation,  by 
supposing  all  cohesive  and  tangential  force  between  it  and  the 
solid  surrounding  it  to  be  dissolved ;  and  its  ellipsoidal  figure  to 
be  maintained  by  proper  surface  traction  to  give  homogeneous 
strain  throughout  the  interior  when  the  bodily  force  ceases  to 
act.  We  conclude  that  throughout  the  solid  from  surface  to 
centre,  when  disturbed  by  bodily  force  without  surface  traction, 
the  ellipticities  of  the  concentric  ellipsoids  increase  inwards. 


837.     When  the   disturbing   action    is   centrifugal  force,  or 
tide  generating  force  (as  that  of  the  sun  or  moon  on  the  earth), 
the  potential  is,  as  we  have  seen,  a  harmonic  of  the  second 
degree,  .symmetrical  round  an  axis.     In  one  case  the  spheroids 
of  deformation  are  concentric  oblate  ellipsoids  of  revolution ; 
in  the  other  case  prolate.     In  each  case  the  ellipticity  increases 
from  the  surface  inwards,  according  to  the  same  law  [§834  (15)] 
which   is,  of  course,  independent  of  the  radius  of  the  sphere, 
obiatt'ness   For  sphercs  of  different  dimensions  and  similar  substances  the 
ITomc^en^-   cllipticities  produced  by  equal  angular   velocities   of  rotation 
Rohdgfobe,  are  as  the  squares  of  the  radii.     Or,  if  the  equatorial  surface 
y  rota  ion.  .^.^.j^^jj^y  ^  y^  ^^  ^^^e  same  in  rotating  elastic  spheres  of  ditferent 
dimensions   but  similar  substance,  the  ellipticities  are   equal. 
The  values  of  the  surface  and  central  ellipticities  are  respec- 
tively 

3    '"'"andl^i:!'' (21) 


11    2n 


33    '2n 


for  .solids  fulfilling  Poisson's  hypothesis  (§  685),  according   to 
•which  7/1  =  271,  or  k  =  ^n. 

If  the  solid  be  absolutely  incompressible  these  ellipticities 
are  by  §  834  (15) 


5    V'w        .    8 
and  r-r 


V'tP 


10    271 


19   271 


.(22). 


Now  since  -^  =  '2727  and  -^  =  2632  ;  and  ^  =  -4242  and 
.^=4211,  w||,sec  that  the  compressibility  of  the  elastic  solid 
exercises  very  little  influence  on  the  result. 
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For  steel  or  iron  the  values  of  n  and  m   are   respectively  Elastic  soiiJ 

tides 

780  X  10^  and  about  1600  x  10^  grammes  weight  per  square 
centimetre,  or  770  x  10^  and  about  1600  x  10'  gramme-centi- 
metre-seconds, absolute  units  (§  223),  and  the  specific  gravity  [w) 
is  about  7'8.  Hence  a  ball  of  steel  of  any  radius  rotating  with 
an  equatorial  velocity  of  10,000  centimetres  per  second  will  be 
flattened  to  an  ellipticity  (§  801)  of  y^^.  For  a  specimen  of 
flint  glass  of  specific  gravity  294  Everett  finds  w  =  244x10® 
grammes  weight  per  square  centimetre  and  very  approximately 
m  =  271.  Hence  for  this  substance  ??/ w  =  83  x  10®  [being  the 
length  of  the  modulus  of  rigidity  (§  678)  in  centimetres].  But  the 
numbers  used  above  for  steel  give  nliu  =  100  x  10®  centimetres  :  Xumericai 

.  .  results  for 

and  therefore  (§  838)  the  flattening  of  a  glass  globe  is  l/"83,  or  iron  and 
li  times  that  of  a  steel  globe  with  equal  velocities. 

838.  For  rotating  or  tidally  deformed  globes  of  glass  or  Rotational 
metals,  the  amount  of  deformation  is  but  little  influenced  by  eUipticities 
compressibility,  as  we  see  from  the  numerical  comparison  given  in  influenced 

.  .       .     bv  compres- 

S  837.     For  any  substance  for  which  3^'  >  on  the  surface  ellipti-  slbiiity,  in 

«>  .        "^  Till  globes  of 

city  is  diminished  by  three  per  cent,  or  by  less  than  three  per  metauic, 

•^  .    .  vitreous,  or 

cent.,  and  the  centre  ellipticity  by  |  per  cent.,  or  less  than  |  per  gelatinous 
cent,  if  we  suppose  the  rigidity  to  remain  in  any  case  unchanged,  solid. 
but    the  substance  to  become  absolutely  incompressible.     For 
the  surface  ellipticity,  §  834  (22)  gives  on  this  supposition 

^=-191^ (-3)' 

or  with         n  =  770  X  10'  as  for  steel  (§  837), 

a  =  640  X  10®,  the  earth's  radius  in  centimetres, 
and  w  =  5o,  „         „       mean  density, 

we  have,  in  anticipation  of  §  839, 

e  =  77xl0\T (24). 

839.  If  now  we  consider  a  globe  as  large  as  the  earth,  and  Vaiueoi 
of  incompressible  homogeneous   material,  of  density  equal    to  ciiipticities 
the  earth's  mean  density,  but  of  the  same  rigidity  as  steel  or  same  size 

and  mass  a 

glass;  and  if,  in  the  first  place,  we  suppose  the  matter  of  such  earth,  of 


non-era  vi- 


a  globe  to  be  deprived  of  the  property  of  mutual  gravitation  tating 

28—2 
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material,  between  its  parts:  the  ellipticities  induced  by  rotation,  or  by  tide 
ou™mcom.  generating  force,  will  be  those  given  by  the  preceding  formulce 
andslirae  [§  834  (20)],  with  the  same  values  of  n  as  before;  with  n/k  =  0; 
steel.  with  040x10'  for  a,  the  earth's  radius   in   centimetres;    and 

with  5*5  for  w  instead  of  the  actual  specific  gravities  of  glass 

and  steel. 

But  without  rigidity  at  all,  and  mutual  gravitation  between 

the  parts  alone  opposing  deviation  from  the   spherical   figure, 

we  found  before  (§  819)  for  the  ellipticity 

e  =  ^-T=lG2xlO\T (25j. 

Comparison  840.  Hcnce  of  these  two  influences  which  we  have  con- 
sphproidai-   sidcred  separately : — on  the  one  hand,  elasticity  of  figure,  even 

mnintaiiiin^       .  ^-i-  i  /•!  i  iiii 

powers  of     With  SO  great  a  rigidity  as  that  or  steel ;  and,  on  the  other  haml, 

gravitation  ...  ,  ,        ,  .  .  , 

and riKidity.  mutual  gravitation  between  the  parts:  the  latter  is  consider- 

for  liirifc 

honioiftne-   ablv  uiorc  powerful  than  the  former,  in  a  globe  of  such  dimen- 

ous  solid  1  -1 

globes.  sions  as  the  earth.  When,  as  in  nature,  the  two  resistances 
against  change  of  form  act  jointly,  the  actual  ellipticity  of  form 
will  be  the  reciprocal  of  the  sum  of  the  reciprocals  of  the  ellip- 
ticities  that  would  be  produced  in  the  separate  cases  of  one  or 
other  of  the  resistances  acting  alone.  For  we  mav  imagine  the 
disturbing  influence  divided  into  two  parts:  one  of  which  alone 
would  maintain  the  actual  ellipticity  of  the  solid,  without 
mutual  gravitation ;  and  the  other  alone  the  same  ellipticity 
if  the  substance  had  no  rigidity  but  experienced  mutual  gravi- 
tation between  its  parts.  Let  t  be  the  disturbing  influence  as 
a  rdenoto  measured  by  §834  (20),  (21);  and  let  t/x  and  t/q  Ije  the  ellipti- 
to'doforma-  cities   of  the   Spheroidal  figure  into  which  the  globe  becomes 

tioii  due  re-  .    .  „..,.., 

spectiveiy     altered  on  the  two  suppositiuns  of  ngiditv  without  gravity  and 

to  gravity  .        '. '  .       °         V  ,  ,  , 

and  to  gravity  without  rigidity,  respectively.  Let  e  be  the  actual 
ellipticity  and  let  t  be  divided  into  t'  and  r"  proportional  to 
the  two  parts  into  which  we  imagine  the  disturbing  influence 
to  be  divided  in  maintaining  that  ellipticity.  We  have  t  =  t'+t", 
and  e  =  T'/x=  r'/q. 

Whence  -  =  r  +  g,  or-  =  -  -I-  -  ,  which  proves  the  proposition. 

It  gives  e= ^~-,  (2{)). 

^  r  +  Q     r/a  +1  ^ 
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By  §§838,  839  we  have  r  =  ^4^  ,  and  g=:^ (27, 

00/  IV  "^       Oct 

J  r       19/i       l^nlg  ,_„, 

and  -=^r-     = -^s^      (28) 

g      Igaio       law 

where  nig  is  the  rigidity  in  grammes  weight  per  square  ceuti-  Rigidity  or 
metre.     Fur  steel  and  glass  as  above  (§§  837,  839)  the  values 
of  r/g  are  respectively  2"1  and  "GG. 

840'.     Mr  G.  H.  Darwin  has  shown*  how  the  introduction  of  Analytical 
the  effects  of  the  mutual  gravitation  of  the  parts  of  the  spheroid  tion  of 

.  .  .  effects  of 

may  be  also  ciirried  out  analytically  instead  of  synthetically,  gravitatioa 
The  sphere  being  in  a  state  of  strain  is  distorted  into  a  spheroid 
{sayr  =  a  +  cr.,  where  a.  is  a  surface  harmonic).  Then  the 
state  of  internal  stress  and  strain  in  the  spheroid  is  due  to 
three  causes,  (i)  the  external  disturbing  potential  W^,  (ii)  the 
attraction  of  the  harmonic  inequality  of  which  the  potential  is 
^gwr^a-Ji^i  -k- 1)  a\  (iii)  the  weight  (positive  in  parts  and  nega- 
tive in  others)  of  the  inequalit}''  a^.  This  last  is  equivalent 
to  a  normal  traction  per  unit  area  applied  to  the  surface  of 
the  sphere  equal  to  —  gica-i.  It  is  not  possible  to  arrive  at 
the  results  due  to  the  last  cause  without  a  modification  of  the 
analysis  of  §  834,  because  we  have  to  introduce  the  effects  of 
surface  tractions. 

But  Mr  Darwin  shows  (p.  9  loc.  cit.)  that  "  if  TF<  be  the 
potential  of  the  external  disturbing  influence,  the  effective 
potential  per  unit  volume  at  a  point  within  the  sphere,  now 
free  of  surface  action  and  of  mutual  gravitation,  is 

Vi\-  2gio  {i-1)  r'a;/{-2i  +  1)  a'  =  r'T,  suppose." 

The  case  considered  by  him  is  that  of  an  incompressible 
viscous  spheroid,  and  he  goes  on  to  find  the  height  and  retarda- 
tion of  tide  in  such  a  spheroid.  The  analysis  is,  however,  almost 
literatim  applicable  to  the  case  of  an  elastic  incompressible 
spheroid. 

Suppose  now  that  the  external  disturbing  potential  is 

TT^  =  wrr  (4  —  cos"  6), 

*  "On  the  Bodily  Tides  of  Viscous  and  Semi-elastic  Spheroids,  &c."  Phil. 
Trans.  Part  i.  1879,  p.  1.  [Reprinted  in  his  Scientijic  Papei\^,  Vol.  ii.  p.  1. 
G.  H.  D.] 
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Rigidity  of  and  that  the  sphere  consequently  becomes  distorted  into  the 
spheroid  whose  equation  is  r  =  a  [1 +e  (^  — cos*^;],  so  that 
cr,  =  ae  (^  —  cos"  ^).  Then  the  effective  disturbing  potential  to 
produce  the  same  strain  in  a  sphere  devoid  of  gravitation  is 
(t  —  ^e)  wr^  (^  —  cos*^).  Such  a  potential  we  know  by  (23)  §  838, 
and  (27;  §  840,  will  produce  ellipticity  e,  given  by  e  =  (T—  ge)/r. 
Whence 


Analytical 
introduc- 
tion of 
effects  of 

frravitatiou 


e  = 


.(20), 


Hypothesis 
of  imperfect 
elasticity  of 
the  earth. 


r  +  Q 
which  is  the  result  (26)  of  §  840. 

The  analvtical  method  has  the  advantage  of  showing  that  we 
are  neglecting  as  small  the  tangential  action  between  the  in- 
equality o-(  and  the  true  splierical  surface,  a  fact  which  is  not  so 
obvious  from  the  synthetical  mode  of  treatment.  In  the  case 
of  the  viscous  spheroid  considered  by  Mr  Darwin  this  tangential 
action  (although  varying  as  r*)  is  of  much  interest,  for  the  sum 
of  the  moments  of  all  the  tangential  actions  about  the  axis  of 
revolution  of  tiie  spheroid  constitutes  the  tidal  frictional  retard- 
ing couple*. 

In  the  paper  to  which  we  refer  Mr  Darwin  has  also  investigated 
the  consequences  which  would  arise  from  the  hypothesis  that 
the  elasticity  of  the  earth  is  not  perfect,  but  that  the  stres.s 
requisite  to  maintain  a  given  state  of  strain  diminishes  in 
geometrical  progression  as  the  time,  measured  from  the  time  of 
straining,  increases  in  arithmetical  progression.  This  hypothesis 
undoubtedly  represents  some  of  the  phenomena  of  the  imper- 
fect elaJSticity  of  actual  solids.  He  finds,  then,  that  if  "the 
modulus  of  the  time  of  relaxation  of  rigidity,"  being  the  time 
in  which  the  stress  falls  to  1/e  or  378  of  its  initial  value,  be 
about  one-third  of  the  period  of  the  tidal  disturbance,  then  the 
height  of  the  bodily  tide  scarcely  differs  sensibly  from  the  height 
on  the  hypothesis  of  perfect  elasticity.  The  phase  of  tide 
would  still  however  be  considerably  affected.  The  existence  of 
the  great  continents  (§  832')  proves  almost  conclusively  that  for 

*  See  "Problems  connected  with  the  Tides  of  a  Viscous  Spheroid."  Phil. 
Tratis.  Part  n.  1879,  p.  539.  [Reprinted  in  his  Scientific  Papers,  Vol  n.  p.  140. 
G.  H.  D.J 
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stresses  lasting  for  a  few  hours  or  days  the  earth  has  practically 
perfect  elasticity. 

841.  Revertincr  now  to  the  results  of  S  840,  it  appears  that  Rigidity  of 

•PI  •    •  T  ,-1  1  1  11  1  1  tli«  earth : 

II  the  riffidity  oi  the  earth,  on  the  whole,  were  only  as  much  as  unless 

°       .  .  .  greaterthan 

that  of  steel  or  iron,  the  earth  as  a  whole  would  yield  about  that  of  steel 

''  would  be 

one-third  as  much  to  the  tide-generating  influences  of  the  sun  ^ery  im- 

...  .  perfectly 

and  moon  as  it  would  if  it  had  no  rigidity  at  all :  and  it  would  fff'-ctive  in 

°  _       •'  _         _        '  _       _  raamtain- 

vield  by  about  three-fifths  of  the  fluid  yielding,  if  its  rigidity  i"s .fisi^r?, 

J  J  J  o'  a         J  against tida- 

were  no  more  than  that  of  glass,  generating 

°  force. 

842.  To  find  the  effect  of  the  earth's  elastic  yielding  on  the 
tides,  we  must  recollect  (§  819)  that  the  ellipticity  of  level  due 
to  the  disturbing  force,  and  to  the  gravitation  of  the  undisturbed 
globe,  which  [§§  804,  808,  (18),  (19)]  is  ar/g,  will  be  augmented 

by  |e  on  account  of  the  alteration  of  the  globe  into  a  spheroid  influence 
of  ellipticity  e:  so  that  if  (S  799)  we  neglect  the  mutual  attrac-  yielding  of 

r^    ,  1  %         1         T  1      1       11-      •    •  PI       the  solid 

tion  of  the  waters,  we  have  for  the  disturbed  ellipticity  of  the  earth  on  the 

surface- 
sea  level  (§  /  85)  liquid  tides. 

y  +  ie (29). 

The  rise  and  fall  of  the  water  relatively  to  the  solid  earth  will 
depend  on  the  excess  of  this  above  the  ellipticity  of  the  solid. 
Denoting  this  excess,  or  the  ellipticity  of  relative  tides,  by  e, 
we  have 

e  =  |T-f6 (30), 

or  by  (26)  and  (27)  ^  =  ^^FTg ^^^^- 

Hence  the  rise  and  fall  of  the  tides  is  less  than  it  would  be 
were  the  earth  perfectly  rigid,  in  the  proportion  that  the  resist- 
ance against  tidal  deformation  of  the  solid  due  to  its  rigidity 
bears  to  sum  of  the  resistances  due  to  rigidity  of  the  solid  and 
to  mutual  gravitation  of  its  parts.  By  the  numbers  at  the  end 
of  §  840  we  conclude  that  if  the  rigidity  were  as  great  as  that 
of  steel,  the  relative  rise  and  fall  of  the  water  would  be  reduced 
by  elastic  yelding  of  the  solid  to  §,  or  if  the  rigidity  were  only 
that  of  glass,  the  relative  rise  and  fall  would  be  actually  re- 
duced to  f ,  of  what  it  would  be  were  the  rigidity  perfect. 
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Riffiditv of  843.  Iiiii»eifect  as  the  comparison  between  theory  and 
observation  as  to  the  actual  height  of  the  tides  has  been 
hitherto,  it  is  scarcely  possible  to  believe  that  the  height  is 
in  reality  only  two-fifths  of  what  it  would  be  if,  as  has  been 

proimbiy      universally  assumed  in  tidal  theories,  the  earth  were  perfectly 

(rn!it<T  on..,_  ir  i  ••!  i 

the  whole    ngid.     It  seems,  tliereiore,  nearly  certain,  with  no  other  e\i- 

of  a  solid     dence   than   is   afforded   by  the  tides,  that  the  tidal  effective 

rigidity  of  the  earth  must  be  greater  than  that  of  glass. 

844.  The  actual  distribution  of  land  and  water,  and  of 
depth  where  there  is  water,  over  the  globe  is  so  irregular,  that 
we  need  not  expect  of  even  the  most  powerful  mathematical 

Dynnmic  analysis  any  approach  to  a  direct  dynamical  estimate  of  what 

tides  too  the  ordinary  semi-diurnal  tides  in  any  one  place  ought  to  be 

toKiv.any  if  the  earth  were  perfectly  rigid.     In  water  10,000  feet  deep 

absolute  (wliich    is   Considerably    less   than    the   general   depth   of  the 

values  for  .  i   i  i  ^^  \  •    i  . 

mninpheno-  Atlantic,  as  demonstrated  bv  the  many  soundings  taken  within 
the  last  few  years,  especially  those  along  the  whole  line  of  the 
Atlantic  Telegraph  Cable,  from  Valencia  to  Newf«Hindland),  the 
velocity  of  long  free  waves,  as  will  be  proved  in  Vol.  Ii.,  is  567 
feet  per  second*.  At  this  rate  the  time  of  advancing  through 
57°  (or  a  distance  equal  to  the  earth's  radiu.s)  would  be  only 
ten  hours.  Hence  it  may  be  presumed  that,  at  least  at  all 
islands  of  the  Atlantic,  any  tidal  disturbance,  whose  period 
amounts  to  several  days  or  more,  ought  to  give  very  nearly  the 

hut  not  so    true  equilibrium  tide,  not  modified  sensiblv,  or  little  modified, 

for  th'-  fort-  .  .  rin-i  xt  i-ii'i-  1  /o 

nightly  an.i  by  the  inertia  ot  the  iluid.     Now  such  tidal  disturbances  (8  808) 

Mtmi-annuul        ...  .,  ,  ,  /•ii«- 

tides.  exist  in  Virtue  of  the  moons  and  suns  clianges  of  declination, 

having  for  their  periods  the  periods  of  these  changes. 

845.  The  sum  of  tlie  rise  from  lowest  to  highest  at  Teneriffe, 
and  simultaneous  fall  from  highest  to  lowest  at  Iceland,  in  the 

Amcunfs of  lunar  fortnightly  tide,  would  amount  to  43  inches  if  the  earth 
iiJe'l'sti-  ^  were  perfectly  rigid,  or  29  inches  if  the  tidal  effective  rigidity 
various  sup-  wcrc    ouly  that   01   steel,  <>r    !•/    inches    if  the  tidal  effective 

pasitionsns      •     .  i.  i  •  /•       i  mi 

torijiditj.  rigidity  were  only  that  of  glass.  The  amounts  of  the  semi- 
annual tide,  whatever  be  the  actual  rigidity  of  the  earth,  would 
of  course  be  about  half  that  of  the  fortnightly  tide.    The  amount 

•  Airy,  Tides  and  Waves,  §  170. 
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of  either  in  auv  one  place  would  be  discoverable  with  certainty  Rigidity  of 
to  a  small  fraction  of  an  inch  by  a  proper  apphcation  oi  the 
method  of  least  squares,  such  as  has  hitherto  cot  been  made, 
to  the  indications  of  an  accurate  self-registering  tide-gauge. 
For  our  present  object,  the  semi-annual  tide,  though  it  may 
have  the  advantage  of  being  more  certainly  not  appreciably 
different  from  the  true  equilibrium  amount,  may  be  sensibly 
affected  by  the  melting  of  ice  from  the  arctic  and  antartic  polar 
regions,  and  by  the  fall  of  rain  and  drainage  of  land  elsewhere, 
which  will  probably  be  found  to  give  measurable  disturbances 
in  the  sea  level,  exhibiting,  on  the  average  of  many  years,  an 
annual  and  semi-annual  harmonic  variation.     This  disturbance  probably 

to  be  best 

will,  however,  be  eliminated  for  any  one  fortnight  or  half-year,  learned 

'  '  ,  •'  ...      from  obser- 

bv   combininof    observations    at    well-chosen    stations    in    dif-  vations 

J  o  giving 

ferent  latitudes.  It  seems  probable,  therefore,  that  a  some-  ^™^j'^"^\,°'»' 
what  accurate  determination  of  the  true  amount  of  the  earth's  tides. 
elastic  yielding  to  the  tide-generating  forces  of  the  moon 
and  sun  may  be  deduced  from  good  self- registering  tide- 
gauo-es  maintained  for  several  years  at  such  stations  as  Ice- 
land, Teneriffe,  Cape  Verde  Islands,  Ascension  Island,  and 
St  Helena.  It  is  probable  also  that  the  ratio  of  the  moon's 
mass  to  that  of  the  earth  may  be  determined  from  such  observa- 
tions more  accurately  than  it  has  yet  been.     It  is  to  be  hoped  Tide-gauges 

•1  -I        ■!->•■   ^      /~i  ,.,tobe  esta- 

that  these  obiects  may  induce  the  British  Orovernment,  which  wished  at 

■^  .  .  ocean  sta- 

has  done  so  much  for  physical  geography  m  many  ways,  to  tions. 
establish  tide-gauges  at  proper  stations  for  determining  with 
all  possible  accuracy  the  fortnightly  and  semi-annual  tides, 
and  the  variations  of  sea  level  due  to  the  melting  of  ice  in  the 
polar  regions,  and  the  fall  of  rain  and  drainage  of  land  over  the 
rest  of  the  world. 

846      More  observation,  and  more  perfect  reduction  of  obser-  scantiness 

■■■     _  .  of  informa- 

vations  already  made,  are  wanted  to  give  any  decided  answer  tion  regard- 
to  the  questions,  how  much  the  fortnightly  tide  and  the  semi-  "jjfg^^jj^tjjg^ 
annual  tide   really  are.     "In   the   Philosophical  Transactions,  f^^^^^^l'^^^ 
"1839,  p.  157,  Mr  Whewell   shows   that   the    observations  of^*»i°°- 
"  high  and  low  water  at  Plymouth  give  a  mean  height  of  water 
"  increasing  as  the  moon's  declination  increases,  and  amounting 
"  to  3  inches  when  the  moon's  declination  is  25^     This  is  the 
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Rigidity  of  "same  direction  as  that  corresponding  in  the  expression  above 
sra^iness  "  to  a  liigh  latitude.  The  etfect  of  the  sun's  declination  is  not 
f/otrS^-  "  investigated  from  the  observations.  In  the  Philosophical 
\y^S'  "  Transactions,  p.  1G3,  Mr  Wbewell  ha.s  given  the  observations 
to'cirilwn"^'^  "  of  some  most  extraordinary  tides  at  Petropaulofsk,  in  Kams- 
Ta'tfon.*'^^'^"  "  chatka,  and  at  Novo-Arkhangelsk,  in  the  Island  of  Sitkhi,  on 
"  the  west  coast  of  North  America. 

"  From  the  curves  in  the  Philosophical  Transactions,  as  well 
"as  from  the  remaining  curves  relating  to  the  same  places 
"  (which,  by  Mr  Whewell's  kindness,  we  have  inspected),  there 
"appears  to  be  no  doubt  that  the  mean  level  of  the  water  at 
"Petropaulofsk  and  Arkhangelsk  ri.ses  as  the  moon's  declina- 
"  tion  increases.  We  have  no  further  information  on  this 
"  point."— (Airy's  Tides  and  Waves,  §  533.) 

Advance  in       847.     We  have  left  these  sections,  on   the  probability  of  the 

knowledge  v-  ••!•  r     \  -k      •        \       c  i-ii 

of  tides        great  effective  riuidity  or  the  earth,  in  the  torm  in  which  they 

since  the        °         ,      .  -   °  ,.    .  .  „  o-  i  j 

first edi-      stood   in  our  first   edition  in   18(3/.      Since    that   date   great 

tion.  .  " . 

advances  have  been  made  in  our  knowledge  of  actual  tidal 
I)henomena.  The  Tidal  Committee  of  the  British  Association 
"  appointed  on  the  motion  of  Sir  William  Thomson  in  18G7,  with 
for  one  prominent  object  the  evaluation  of  the  long-period  tides 
for  the  purpose  of  answering  the  question  of  the  Earth's  rigidity," 
has  done  much  towards  the  attainment  of  a  satisfactory  know- 
ledge of  the  tides  in  the  ocean  surrounding  these  islands. 
But  by  far  the  most  complete  information  relates  to  the  Indian 
Ocean,  for  in  consequence  of  the  exertions  of  General  Walker, 
Sir  William  Thomson,  General  Strachey  and  others,  the  Indian 
Government  has  taken  up  the  question,  and  is  now  issuing,  under 
the  direction  of  General  Walker  and  Major  Baird,  R.E.,  tide  tables 
for  the  principal  ports  in  India.  We  are  thus  now  able  to 
present  the  following  discussion  of  the  questions  raised  above, 
contributed  to  our  present  edition  by  Mr  G.  H.  Darwin. 

The  theo-         848.     The  expression  for  a  tide  should  consist  of  a  spheri- 
ofthofort-   cal  harmonic  function  of  latitude  and  longitude  of  places  on  the 

nightly  and  ,  ,  ,,  i    •     i-     i    i  •         i         x-  i  •  i 

monthly      earths   surface    multiplied  by   a   simple    time-narmomc ;    but 
tides.  where    a   correct    expansion,   rigorously   following    this    defi- 

nition, would    involve   some    terms    of   very   long    period,   it 
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is  more  convenient  to  regard  the  spherical  harmonic  as  itself  The  theo- 

,       ,  .         ,  .       ,.      .  retical  value 

slowly  varying  between  certam  limits,  and  thus  to  amalgamate  of  the  fort- 
a  number  of  terms  together.     The  last  term  of  (23)  S  808  will  monthly 

...  .  elliptic 

give  the  theoretical  equilibrium  values  of  the  fortnightly  decli-  tides, 
national  tide,  and  of  the  monthly  elliptic  tide.  The  full  expan- 
sion of  this  term  would  involve  a  certain  part  going  through  its 
period  in  19  years,  in  which  time  the  lunar  nodes  complete  a 
revolution.  This  part  will,  according  to  Sir  William  Thomson,  be 
most  conveniently  included  by  conceiving  the  inclination  of  the 
lunar  orbit  to  the  equator  to  undergo  a  slow  oscillation  in  that 
period.  In  practice  an  average  value  for  the  inclination,  the 
average  being  taken  over  a  whole  year,  is  sufficiently  exact. 

(a)  In  v/liat  follows,  the  descending  node  of  the  equator  on 
the  lunar  orbit  will  be  called  "the  intersection."  If  the  lunar 
orbit  were  identical  with  the  ecliptic,  the  intersection  would  be 
the  vernal  equinox  or  T. 

The  following  is  a  summary  of  the  notation  employed  below : —  Definition 

For  the  moon  : 

M  =  mass  ;  D  =  radius  vector  ;  c  =  mean  distance  ;  cr  =  mean 
motion  ;  6  —  true  longitude  in  the  orbit ;  i  =  inclination  of  lunar 
orbit  to  the  ecliptic :  N^  longitude  of  ascending  node  on  the 
ecliptic;  ot=  longitude  of  perigee  in  the  orbit;  e  =  eccentricity 
of  orbit;  ^  =  longitude  of  "the  intersection"  in  the  orbit;  v  = 
right  ascension  of  "  the  intersection  "  ;  8  =  declination. 

Observe  that  longitudes  "in  the  orbit"  are  measured  along  the 
ecliptic  as  far  as  the  lunar  node,  and  thence  along  the  orbit;  or 
are  measured  altogether  in  the  movable  orbit  from  a  point 
therein,  which  is  at  a  distance  behind  the  node  equal  to  the 
distance  of  the  node  from  "P. 

For  the  earth  : 

E  =  mass  ;  a  =  mean  radius  ;  I,  \=  latitude  and  W.  longitude 
of  places  on  the  earth's  surface  ;  (0  =  obliquity  of  ecliptic  ;  I  =  va.- 
clination  of  equator  to  lunar  orbit. 

For  both  bodies  together,  let  r  =  ^Ma^lEc^.  And  let  the 
time  t  be  measured  from  the  instant  when  the  moon's  mean 
longitude  vanishes. 

The  readers  of  the  Tidal  Reports  of  the  British  Association 
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ix)ng-period  for  1868,  1870,   1871,  1872,  1876*  may  find  it  convenient  to 

note  that  the  symbols  employed  are  frequently  the  Greek 
initials  of  the  corresponding  words  :  thus, — y,  a,  t]  [yrj,  aiXtji-rj, 
7'A.ios]  for  the  rotation  and  mean  motions  of  earth,  moon,  and 

sun. 

We  may  now  write  the  last  term  of  (23)  §  808,  thus 

A  =  //^3(l-3sin«8)       I  ^^^ 

where  //  =  ^ra  [^  ( 1  +  €?)  -  sin'  I] ' 

It  is  obvious  from  the  solution  of  a  right-angled  spherical  triangle 
that 

sin  8  =  sin  /  sin  {0  -  $). 
Whence 

1  -  3  sin'8  =  1  -  4 sin*  7  +  5  sinV cos  2  (^ -  ^)  (2). 

By  the  theory  of  elliptic  motion,  we  have,  on  neglecting  the 
solar  perturbation  of  the  moon,  which  causes  the  'evection,'  the 
'variation'  and  other  inequalities, 

■^(l-e*)  =  l+ecos(e-ar)   (3). 

In  proceeding  to  further  developments,  e  and  sin*/  will  be 
treated  as  small  quantities  of  the  first  order,  and  those  of  the 
second  order  will  be  neglected.  Thus  in  ttrms  of  the  first  order 
■we  have 

0  -at  (4). 

Then  from  (3)  and  (4)  we  have 

-^  =  1  +  3e  cos  {(Tt  —  it), 
And  from  (1),  (2),  and  (4) 

^  =  {1  ^3e  C08(cr<-07)}{1  -,^sin*/«-  ?.  ^in'  I  cos  2  {<Tt  -  ()} 

=1  -  §  sin"  /  +  3c(l  - 1  sin"  /)  cos  {at  -zT)  +  i  sin*  /cos  2((r<  -  () 

(5). 

In  this  expression  the  first  term  1  -  f  sin*/  oscillates  with  a 
period    of    19    yeai-s    about    the    mean    value    1— |8in*(o,    the 

•  Also  of  papers  pre.sented  to  the  Britisli  Association  by  Sir  W.  Thomsou  and 
Capt.  Evans.  R.N.,  in  1878  (reprinted  in  Mature,  Oct.  24,  1878),  and  by 
Mr  O.  H.  Darwin  in  1882.  [See  also  Vol.  i.  of  Sir  G.  11.  Darwin's  Scientific 
Papers.     O.  H.  D.J 
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maximum    and    minimum    values    of  /  being   w+i   and  oi  —  i.  Long-period 

It  represents  a  small  permanent  increase  to  the  ellipticity  of  tlie 

oceanic  spheroid,  on  which  is  superposed  a  small  19-yeaily  tide. 

This  part  of  tlie  expression  has  no  further  interest  in  the  pi-esent 

investigation.    The  last  term  of  (5)  goes  through  a  double  period 

in  nearly  27 '3  m.  s.  days  and  constitutes  the  fortnightly  decli- 

national  tide.      If  the  approximation  were  carried  to  terms  of 

the  second  order,  which  may  very  easily  be  done,  this  term  would 

have  involved  a  factor  1  -|e^     The  middle  term  goes  through 

a  single  period  in  something  over  27-3  days,  the  angular  motion 

of  the  lunar  perigee  being  40°  40'  per  anmim.     This  term  as  it 

stands  in  (5)  is  complete  to  the  second  order.     Thus  we  may 

write  the  expressions  to  the  second  order  of  small  quantities, 

for  the  fortnightly  and  monthly  elliptic  tides,  thus  : — 


-J  =  I  (1  _  |e^)  sinV  cos  2  (at  -  ^)  ' 


H 


=  3e  (1  -  I  siu^/ )  cos  (o-<  -  ot) 


J 


.(6). 


(6)     We  must  now  show   how  to  compute  /  and  ^,   and  it  Pormulte 

will  be  expedient  (as  will  appear  below)  at  the  same  time  to  longitude 

and  R.A.  of 
compute  V.  the  inter- 

section. 
The  accompanying  figure  exhibits  the  relation  of  the   three 

planes  to  one  another. 


OrMl 


^  the  longitude  of  I  in  the  orbit  is  VS)  -  ^I,  and  v  the  right 
ascension  of  I  is  Tl. 

Now  from  the  .-spherical  triangle  TSlf,  we  have 

cot  1 51  bin  N=  cos  iVcos  i  +  sin  i  cot  w   (7), 

cot  iTsin  N=  cosiVcos  w  +  sin  w  cot  i (8), 

cos/  =  cos  i  cos  CO  —  sin  i  sin  cj  cos  N (9). 
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Long-period 
tides. 


Form  u  Ins 
for  the 
longitude 
and  R.A.  of 
the  inter- 
section. 


Also         tan  $ 


(cot  I  SI  Bm  N-  cos  N)  siny 


cos  N  cot  I      sin  N  +  sin'iV 

Substituting  in  which  from  (7),  and  effecting  some  reductions 
in  the  result,  and  in  (8),  we  have 

sin  i  cot  (0  simV  (1  -  tan  h  i  tan  w  cos.^)   "j 
cos*  ^i  +  sin  i  cot  w  cos  ^V  -  sin*  ^  i  cos  2iV 

tan  i  cosec  w  sin  jV 


tan^  = 


...(10), 


tan  v  = 


1  +  tan  i  cot  to  cos  jY 


These  forniulns  are  rigorously  true,  but  since  i  is  small,  being 
about  5°  9',  we  may  obtain  much  simpler  approximate  for- 
mulje,  sufficiently  accurate  for  all  i)ractical  puri^ses.  Treating 
then  sin  i  and  tan  i  as  equal  to  one  another,  and  to  t  the  circular 
measure  of  5"  9',  equations  (10)  become  approximately, 

r  1  ~  i  sin*  u)  ^ 
tan  $=i  cot  w  sin  X  —  i  i*  sin  2.A 


sin  w 

tan  V  =1  cosec  oj  sni  3  -  ^  i'  sni  z^\  -r— .— 

sin   0) 


(11). 


The  second  terms  of  these  expressions  are  very  nearly  equal 
to  one  another,  because  cos  to  =  1  -  ^  sin*  ui  approximately.  And 
V-  $  is  a  small  angle,  which  is  to  a  close  degree  of  approxima- 
tion equal  to  i  tan  h  <o  sin  N. 

Numerical  calculation  shows  that  i  tan  i  <«>  is  V  i' ;  hence 
^  =  V  —  1"  4' sin  N  very  nearly. 

In  the  Tidal  Report  of  the  British  Association  for  1876  the 
treatment  of  this  subject,  with  notation  involving  a  symbol  )),  is 
somewhat  different  from  the  above,  but  the  reault  is  the 
Siime.  The  symbol  ))  denotes  "  the  equatorial  mean  moon's" 
light  ascension  at  the  epoch  when  t  =  0  ;  wliich  it  may  be  ob- 
served is  not  the  same  epoch  as  tliat  chosen  here.  This  fictitious 
mean  moon  moves  in  the  equator  with  an  angular  velocity  equal 
to  the  moon's  mean  motion,  and  it  is  at  the  "intersection"  at 
the  instant  when  the  moon's  mean  longitude  is  equal  to  the 
longitude  *' in  the  orbit"  of  the  intei-section.  In  other  words, 
if  we  tiike  a  second  fictitious  moon  moving  in  the  plane  of  the 
lunar  orbit  with  an  angular  velocity  equal  to  the  moon's  mean 
motion,  and  coinciding  with  the  actual  moon  at  the  instjint 
when  the  moon's  mean  longitude  vanishes,  then  the  equatorial 
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mean  moon  coincides  with  this  orbital  mean  moon  at  the  inter-  Long-period 

tides, 
section. 

It  is  obvious  then  that  the  right  ascension  of  the  equatorial 

mean  moon  will  always  differ  from  the  moon's  mean  longitude 

by  V  -  ^,  and  thus 

J)  =  moon's  mean  longitude  at  the  epoch  +  1"  4'  sin  iV. 

Therefore  with  the  epoch  of  the  Report  of  1876  (pp.  299,  302) 
a-t  +  ])-v  =  moon's  mean  longitude  +  1''4'  sin  xV- 1/ 
=  moon's  mean  longitude  —  | 

Now  according  to  the  Report  (p    305),  the  fortnightly  tide  is  Formulas 

expressed,  (by  means  of  H  as  defined  in  (1)  above),  in  the  form    longitude 

and  R.A.  of 

B  #  sin^  /  cos  2  (o-<  +  D  -  v).  the  inter- 

-  \  "         /  section. 

This  only  differs  from  (6)  in  the  term  ^e",  which  is  the  correc- 
tion for  the  eccentricity  of  the  lunar  orbit. 

It  is  to  be  remarked  that  in  the  report  ])  -  tzr'  is  the  moon's 
mean  anomaly  at  the  epoch,  and  therefore  ra-'  is  equal  to  the 
mean  longitude  of  the  moon's  perigee  +  1°  4'  sin  JV,  and  not  simply 
the  mean  longitude  of  the  moon's  perigee,  as  defined  in  the  last 
line  of  p.  302.  Since  the  moon's  mean  anomaly  is  only  involved 
in  the  arguments  of  the  elliptic  tides,  which  are  all  small,  this 
correction  in  'sr'  has  no  practical  importance.  It  is  however  im- 
portant, in  regard  to  clear  ideas  of  the  notation  and  the  spherical 
trigonometry  of  the  subject. 

In  consequence  of  not  at  first  apprehending  properly  the 
nature  of  the  fictitious  ''equatorial  mean  moon,"  I  overlooked 
the  term  l''4'siniV  in  ]),  and  in  the  reductions  made  below 
have  used  v  instead  of  $.  Since  the  difference  between  v  and 
t  is  clearly  of  little  importance  in  respect  to  the  numerical 
values  of  the  fortnightly  tide,  I  have  not  repeated  the  compu- 
tations with  the  correct  value  of  D,  or,  in  the  present  notation, 
with  $  in  place  of  v. 

(c)  The  factor  21  or  ^  Ta[^  {I  +  &)  -  sinH]  involves  the 
function  CF,  -which  depends  on  the  distribution  of  land  and  water 
on  the  earth's  surface.     By  (21)  §  808 


<!?=^  ii{3&uvl-l)cosldld\ 


■where  Si  is  the  total  area  of  ocean,  and  where  the  double  integral 
is  taken  all  over  the  surface  of  the  ocean. 
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tides.  . 

and  therefore  the  integral  taken  over  the  sea  is  equal  to,  but 
opposite  in  sign  to  the  integral  taken  over  the  land.  It  is  more 
convenient  to  integrate  over  the  lund,  because  there  is  less  of  it, 
than  over  the  sea. 

In  order  to  evaluate  this  integral,  and  to  determine  O  the 
total  area  of  sea  at  the  same  time,  it  will  be  sufficiently  accurate 
if  we  replace  the  actual  continents  and  islands  of  the  earth  by 
blocks  of  land,  limited  by  parallels  of  latitude  and  by  meridians. 
The  lollowiug  schedule  sjiecifies  the  blocks  which  were  taken  to 
represent  the  actual  land,  together  with  the  names  of  the  land 
to  which  they  are  supposed  to  correspond. 

Since  it  is  impossible  that  the  amount  of  watei-,  which  flows 
in  and  out  of  tiie  Mediterranean  Sea  in  a  week  or  a  fortnight, 
can  influence  the  height  of  the  sea  in  the  o])eu  ocean  to  any 
sensible  extent,  that  sea  has  been  treated  as  though  it  were 
dry  land.  The  longitudes  of  the  land  are  given  so  that  any 
one  may  verify  that  the  represcntjition  of  the  continents  is 
pretty  good;  in  evaluating  the  other  four  functions  of  (21)  §808 
Evaluation  these  longitudes  would  be  required ;  but  for  C:  we  only  require 

lunctiono?,  the  number  of  degrees  of  longitude,  which  are  occupied  by  land, 

between  each  pair  of  parallels  of  latitude. 

As  explained  above 

nC?  =  -  |l(3sin-/-l)cosWWA (12), 

12  =  47r-  jlcosldld\ (13), 

■when  the  integrals  are  taken  all  over  the  land  of  the  globe. 
Now         I  (3  sin"  /  -  1)  cos  ldl--\  (sin  /  +  sin  3/), 

and  I  cos  Idl  =  sin  I. 

If  therefore  there  be  t^  degrees  of  land  between  latitudes  Z, 
an(i  /g  of  the  N.  hemi.sphere,  and  t,  degrees  of  land  between  the 
same  parallels  of  the  S.  hemisphere,  it  is  clear  that  the  con- 
tributions to  (12)  and  (13)  due  to  land  between  these  latitudes 
in  both  hemispheres,  are  respectively 


180 


(<,  +  Q  {  [sin  I  +  sin  3/j||    and  -  ^^  (t,  +  (,)  fsin  {f^ 
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APPEOXIMATE   DISTRIBUTION   OF   LAND   ON   THE   EARTH'S   SURFACE. 


N.  latitude. 
W.  longitude. 

N,  latitude. 
E.  longitude. 

lat.  800  to  900. 

200  to  50". 
Arctic  land. 

lat.  700  to  800. 
lat.  600  to  700. 

220  to  550 ;  850  to  1150. 
Greenland.     Islands. 

550  to  600;        900  to  1100. 
Nova  Zembla.      Tunda. 

350  to  520 .  650  to  «0o  ;  900  to  1650. 
Greenland.  Baffinland.  Brit. N.Am. 
00  to  60;    600  to  780;  900  to  1300. 
G.  Brit.      Canada.     Brit.  N.  Am. 

100  to  1800. 
Norway  &  N.  Asia. 

lat.  500  to  600. 

100  to  1400;         1550  to  1600. 
E  urope  &  Asia .  Kam  schatka. 

lat.  400  to  500. 

00  to  50 ;               650  to  1230. 
France  &  Spain.       U.  S. 

00  to  1350, 
Asia. 

lat.  300  to  40'\ 
lat.  200  to  30'^'. 

00to80;     780  to  1200. 
Africa.            U.  S. 

00  to  1-200 :                 1350  to  1380. 
Asia  &  Medit.  Sea.       Japan. 

00tol50;    800  to  820;     970  to  IIQO. 
Africa.  Floi-ida  &  Cuba.  Mexico. 

00  to  170 ;  870  to  950. 
Africa.       Mexico. 

00  to  1180. 
Africa  and  Asia. 

lat.  10»  to  20". 

00  to  5U0;  750  to  850;  950  to  IO8O; 
Africa.         India.         Siam. 

1220  to  1250. 
Philip.  Isl. 

lat.  00  to  100. 

530  to  780. 
S.  America. 

00  to  480;  980  to  IO50 ;  1120  to  117». 
Africa.       Malayia.        Borneo. 

S.  latitude. 
W.  longitude. 

S.  latitude. 
E.  longitude. 

lat.  CO  to  100. 

370  to  800. 
S.  America. 

120  to  400;  1100  to  1300. 
Africa.          Islands. 

lat.  100  to  20". 
lat.  200  to  300. 

370  to  740. 
S.  America. 

120  to  380 ;     450  to  500;     126o  to  144o. 
Africa.        Madagascar.    Australia. 

450  to  710. 
S.  America. 
550  to  730. 
S.  America. 

150  to  330 ;    1150  to  1510. 
Africa.        Australia. 

lat.  300  to  400. 

200  to  230 ;     1320  to  1400. 
Africa.          Australia. 

lat.  400  to  500. 

650  to  730. 
S.  America. 

1700  to  1720. 
N.  Zealand. 

lat.  500  to  600. 
lat.  600  to  700. 

670  to  720. 
T.  del  Fuego. 
550  to  650. 
S.  Shetland. 

1200  to  1300. 
Adelie  Land. 

lat.  700  to  800. 

about  200  of  longitude  (Antarctic  continent). 

lat.  800  to  900. 

about  1800  of  longitude  (Antarctic  continent). 

Now  the  above  table  gives  t^  and  t^  for  each  pair  of  latitudes 
90*^  to  80",  80"  to  70°  &c.  in  both  hemispheres,  for  example  from 
20°  to  30°,  t^  +  t^  is  228  ;  hence  it  is  clear  that  if  1  denotes  sum- 
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mation  for  the  contributions  due  to  each  such  pair  of  latitudes, 
we  have 

^\{t^  +  0  [sin  I  +  sin  Sl]^^ 


& 


720  -  2  («.  +  «,)  [sin  q 


'. 


It  is  only  necessary  to  form  tables  of  sin  I  and  |  (sin  I  +  sin  3^ 
for  each  10°  of  latitude  from  0°  to  90°,  and  then  to  form  the 
first  differences  of  these  two  sets  of  values,  and  subsequently 
to  perform  a  number  of  multiplications,  in  order  to  obtain  the 
required  results.  As  the  amount  of  antarctic  land  is  quite 
uncertain,  two  suppositions  were  taken,  namely,  first  that  there 
is  as  much  antarctic  land  as  is  given  in  the  schedule,  and 
secondly,  that  there  is  no  land  between  S.  latitude  80"  and  the 
pole.  On  the  first  hypothesis  it  was  found  that  the  fraction  of 
the  whole  earth's  surface  which  consists  of  land  is  -^^  of  202  "9 
=  -283,  and  in  the  second  that  the  same  proportion  is  ^ru  °^ 
200-2  =-278.  Rigaud*  has  estimated  the  proportion  as  -266; 
if  then  it  be  considered  that  he  too  could  have  no  information 
as  to  antarctic  land,  and  that  the  Mediterranean  Sea  is  here 
treated  as  solid,  it  appears  that  the  representation  of  the 
continents  by  square  blocks  of  land  has  been  very  satisfactorj'. 
The  numerator  for  the  expression  for  CF  was  found  to  be  —7 '87 
or  -  2 "53  according  to  the  two  hypotheses.     Hence  we  ha\e 

—  7"87 
&  =  -  =  —  -0152,  with  antarctic  continent 

-2n3 

and        C?  =  -pj-K-^r  =  -  00486,  without  antarctic  continent 

1(1 +  &)  will  be  found  to  be  equal  sin*34M0'  or  sin*  34*  57'. 
Since  J  is  sin*  35°  16',  it  follows  that  the  latitude  of  evanescent 
fortnightly  and  monthly  tides  is  very  little  affected  by  the 
distribution  of  land  and  water  on  the  earth's  sui-face. 

In  the  reductions  of  the  tidal  observations  I  have  put 

i(l+e0-sin*;  =  8in(35°-0sin(35°  +  0. 

Thus  from  (6)  we  have 


</)  =  f  ra  (1  -  |e*)  sinV  sin  (35°  -  I)  sin  (35°  +  /)  cos  2  (at  -  ^)) 
/I  =  ^  rac  (1  -  -I  sin*  /)  sin  (35°  - 1)  sin  (35°  +  I)  cos  {at  -  w)  ]' 

*  Tram.  Cam.  Phil.  Soc.   Vol.  6. 


.(14). 
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Taking  EiM  =  ^'2;  c/a  =  60-27;  a  =  20-9xl0'  feet,    it  will  be 

found  that 

I  T«  =  2-619.5  feet. 

If  we  take  a)=23''28',    1  =  5°  9',   the  maximum,    mean   apd  Maximum, 
minimum  values  of  /  are  28°  37',  23''28',  18M9'.     Then  with  Minimum 
e  =  -054908,  it  will  be  found  that  BritfhPeet. 

r298,  when  7-28"  37', 
I  ra  (1  -  -|e=)  sin'  1  =  |206,  when  /=  23°  28', 

(-128,  when/=18M9'; 

|-094,  when  7=  28°  37', 
I  rae  (1  -  f  sin=  7)  =  |l09,  when  7  =  23°  28', 

(-123,  when  7=  18°  19'. 

These  numbers  are  given  in  feet,  and  the  equatorial  semi-ranges 
of  the  <^  and  )U,  tides  are  (since  sin' 35°  =  |^  nearly)  about  one- 
third  of  these  numbers.  At  the  time  when  7  is  a  minimum 
these  two  tides  have  approximately  equal  ranges;  but  when  7 
is  a  maximum  the  fortnightly  is  three  times  as  great  as  the 
monthly  tide. 

{d)     In  the  Reports  of  the  British  Association,  and  in  the  Preparation 
"Tide-tables  for  the  Indian   Ports''*   for   1881  and  1882,  the  tioVby"*" 
i-esults  of  the  harmonic  analysis  of  the  tidal  observations  are  squares, 
given  in  the  form  R  cos  (iit  —  c),  where  R,  the  semi-range  of  tide, 
is  expressed  in  British  feet,  n  is  the  speed  of  the  particular  tide 
in  question,  and  €,  the  retardation  of  phase  (or  shortly  the  phase), 
is  an  angle  less  than  360°. 

In  the  case  of  the  fortnightly  and  monthly  tides  n  is  respec- 
tively 2o-  and  a- -  tu^,  where  ct,  is  the  angular  velocity  of  the 
lunar  perigee  and  therefore  xa  =  'm^t.  (In  the  Tidal  Report  of 
1872  that  which  is  here  called  w^  is  denoted  as  tar.) 

Now  in  order  to  compare  the  observed  fortnightly  tide  with 
its   theoretical   value,    we    must  write  the   observation  in  the 

form 

ii;cos[2(o-«-^)-(e-2^)]. 


Or  if  we  put 


i?cos(c-2^)=A| 

i?  sin  (e  -  2^)  =  BJ    ^      ' 


*  These  tables  were  prepared  under  the  direction  of  Captain  (now  Major) 
A.  W.  Baird,  E.E.,  aud  Mr  E.  Roberts,  and  are  published  by  "  authority  of  the 
Secretary  of  State  for  India  in  Council." 
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the  observation  becomes 

Acos2(o-<-^)+B.sin2(a<-^) (16). 

In  the  case  of  the  monthly  tide,  if  we  put 

/fcose^C) 

i?sine  =  DJ ^^'' 

the  result  of  observation  becomes 

Ccos  (at-vr)  +  D  sin  (o-^-ttr)..  (18). 

The  expressions  for  the  theoretical  equilibrium  fortnightly 
and  monthly  tides  are  given  in  (14).  If  however  the  solid 
earth  yields  tidally,  either  as  an  elastic  body,  or  as  a  viscous  one, 
the  height  of  the  tide  will  fall  below  its  equilibrium  value. 
Moreover  on  the  hypothesis  of  viscosity  the  phase  of  the  tide 
will  be  affected  ;  a  result  which  would  also  follow  from  the 
efl'ects  of  fluid  friction- 

Thus  the  actual  fortnightly  and  monthly  tides  must  be  ex- 
prt'ssed  in  the  forms 

0  =  Jra  (1  -  le')  sin- 1  sin  (35"  -  /)  sin  (.3.5«  +  Z)  j  x  co3  2  (at  -  i)  +  y  sin  2  (vt  -  f)  j  I 
M  =  fTa<'(l-5  siu"/)  8in(3oO-Z)  8iu{35''  +  /)  jucos  {at-'or)  +c  sin  (fff-O))  J 

where  x,  y,  u,  v  are  nuraei-ical  coefficients.  If  the  equilibrium 
theory  be  nearly  true  (compare  §  808  above)  for  the  fortnightly 
and  monthly  tides,  y  and  v  will  be  small ;  and  x  and  u  will  be 
fractions  approaching  unity,  in  proportion  as  the  rigidity  of  the 
earth's  mass  approaches  infinity. 

If  we  now  put 

a  =  ^  ra  (1  -  I  e')  sin*  /i<in  (35"  -  I)  sin  (35"  +  Ih 

c  =  I  rae  (1  -^  sinV  )  sin  (35"  -  /)  sin  (35"  +  l)j  ' '  -v^")' 

tlicn  for  the  fortnightly  tide 

ax  =  A"i 

ay  =  B|  <2')- 

and  for  the  monthly  tide 

cy  =  DI  ^-^^* 

Every  set  of  tidal  observations  will  give  equations  for  x,  y,  u,  v\ 
and  the  most  probable  values  of  these  quantities  must  be  deter- 
mined by  the  method  of  least  squares. 
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For  places  north  of  35"  N.  lat.,  or  south  of  35"  S.  lat.  the  liquations 
coefficients   a  and   c  become  negative.     This   would    be   incon-  tion  by 
venient  for  the  arithmetical  operations  of  reduction,  and  therefore  squares, 
for  such  places  it  is  convenient  to  subtract  180"  from  the  phases 
€  —  2i,  and  e  which  occur  in  the  expressions  for  A,   B,  C,  D; 
after  doing  this  the  coefficients  a  and  c  may  in  all  cases  be 
treated   as  positive,  for  we  may  suppose  (^—35")  to  be  taken 
for  places  in  the  northern  hemisphere  North  of  35",  and  35"  —  I 
for  places  in  the  same   hemisphere  to  the  South  of   35";   and 
similarly  for  the  southern  hemisphere. 

(e)     In   collecting   the   results   of  tidal   observation    I   have  Xumericai 
to  thank  Sir  William  Thomson,  General  Strachey,  and  Major  harmonic 
Baird  for  placing  all  the  materials  in  my  hands,  and  for  giving  ^klaUbser- 
me  every   facility.     As  above  stated   the  observations   are    to  ""^  '°°*' 
be  found  in  the  British  Association  Reports  for  1872  and  1876, 
and  in  the  Tide-tables  of  the  Indian  Government. 

The  results  of  the  harmonic  analysis  of  the  tidal  observations 
are  given  altogether  for  22  different  ports,  but  of  these  only  14 
are  here  used.  The  following  ai-e  the  reasons  for  rejecting 
those  made  at  8  out  of  the  22  ports. 

One  of  these  stations  is  Cat  Island  in  the  Gulf  of  Mexico ; 
this  place,  in  latitude  30"  14'  N.,  lies  so  near  to  the  critical 
latitude  of  evanescent  fortnightly  and  monthly  tides,  that  con- 
sidering the  uncertainty  in  the  exact  value  of  that  latitude,  it 
'  is  impossible  to  determine  the  proper  weight  Avhich  should  be 
assigned  to  the  observation.  The  result  only  refers  to  a  single 
year,  viz.  1848,  and  as  its  weight  must  in  any  case  be  very 
small,  the  omission  can  exercise  scarcely  any  eflFect  on  the  result. 

Another  omitted  station  is  Toulon ;  this  being  in  the  Mediter- 
ranean Sea  cainiot  exhibit  the  true  tide  of  the  open  ocean. 

Another  is  Hanstal  in  the  Gulf  of  Cutch.  The  result  is  given 
in  an  Indian  Blue  Book.  I  do  not  know  the  latitude,  and 
General  Strachey  informs  me  that  he  believes  the  observations 
were  only  made  during  a  few  months  for  the  pui-pose  of  deter- 
mining the  mean  level  of  the  sea,  for  the  levelling  operations  of 
the  great  survey  of  India. 

The  other  omitted  stations  are  Diamond  Harbour,  Fort 
Gloster  and  Kidderpore  in  the  Hooghly  estuary,  and  Rt^ngoon, 
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and  Moulmein.  All  tliese  are  river  stations,  and  they  all  ex- 
hibit long  period  tides  of  such  abnormal  height  as  to  make  it 
neariy  certain  that  the  shallowness  of  the  water  has  exercised 
a  large  influence  on  the  results.  The  observations  higher  up 
the  Hoo"hlv  seem  more  abnormal  than  those  lower  down.  I 
also  learn  that  the  tidal  predictions  are  not  fuund  to  be  satis- 
factory at  these  stations. 

The  following  tables  exhibit  the  results  for  the  14  i-emainiug 
ports.  The  rows  R  and  e  are  extracted  from  the  printed  tidal 
results,  and  the  rest  of  the  values  are  the  reductions  eflfected 
in  accordance  with  the  investigations  of  the  preceding  sections. 
It  has  already  been  explained  why,  in  the  case  of  the  fortnightly 
tide,  c  -  2^  is  given  in  place  of  the  more  correct  c  —  2^.  It  must 
also  be  added  tliat  in  many  cases  there  is  no  information  as  to 
the  days  on  which  the  observations  began  and  ended  ;  it  was 
thus  impossible  to  use  the  rigorously  correct  value  for  v,  namely 
that  corresponding  to  the  middle  day  of  the  period  embraced 
by  the  observations.  These  details  might  no  doubt  have  been 
obtained  by  means  of  correspondence  with  various  persons  in 
India  ;  but  considering  the  uncertainty  in  the  tabular  results 
it  did  not  seem  worth  while  to  incur  this  delay. 

Sir  William  Thomson  placed  in  my  hands  a  table  of  the 
values  of  /  and  v  corresponding  to  the  1st  of  July  of  each  year. 
Accordingly  when  the  observations  are  stated  to  be,  for  example, 
for  1874 — 5,  1  as.sume  that  the  observations  began  early  in 
1874,  and  the  values  for  /  and  v  for  July  1,  1874,  are  used.  In 
several  cases  it  appears  that  the  observations  began  in  March, 
and  here  but  little  error  has  been  incurretl.  In  the  few  cases 
in  which  only  a  single  year  is  named  {e.g.  Ranisgate),  it  is 
assumed  that  values  for  July  1  will  be  proper. 

No  attempt  has  been  made  to  a.ssign  weight  to  each  year's 
observations  according  to  the  exact  nunil>er  of  months  over 
which  the  tidal  records  extend.  The  data  for  such  weighting 
are  in  many  cases  wanting.  In  computing  the  value  for  a  the 
factor  1  —  *e'  was  omitted,  but  it  has  been  introduced  finally  as 
explained  below. 


848.] 


STATICS. 


455 


t-H 


o 

CCi 

H 

Q 

:d 

H 

— H 

__ 

H 
<< 

to 

h-l 

00 

1-H 

fa 

~i 

O 

5 

X 

H      . 

W    ^' 


ai 

C5 

9 

>o 
9 

o 
O 

00 

1: 
1 

to 

+ 

9 
'l 

C5 

9 

'l 

00 

9 

CO 
CO 

o 

>o 

o 
CO 

OS 
CI 
o 
OJ 

CO 

t 

9 
1 

00 

i-H 

9 
+ 

00 

iH 
C4 

o 

• 

O 
g 

M 

a 

CO 

o 

00 
iH 

C<5 

o 

9 

o 
X 

1-1 

o 
1 

C5 

9 
+ 

o 

o 

1 

00 
00 

9    1 

05 

CO 

• 

C5 
o 

1 

rH 

1—1 
o 

C5 
+ 

1-1 
o 

9 

1 

CO 
1 

1 

Ci 
CO 

t^ 

o 

o 

K 

X 

1-1 

CO 

>-o 

o 

CO 
o 

o 

o 
uo 

i-O 

+ 

9 
+ 

00 

CO 

o 

+ 

lO     1 

9   i 

1« 

CO 

UO 

1-1 

lb 

1-1 

o 

1 

+ 

o 
o 
1-i 
9 

'{ 

00 

CO 

9 

CO 

X! 
X 

o 

CO 

T-H 

o 
+ 

-* 
9 

+ 

CO 
l-O 

1-1 

9 

+ 

o 

9 

U5 

9 

CO 

ip 

o 

CO 

N 

1 

OJ 

CO 
o 
CO 

+ 

00 

00 

1 

C5 
C4 

9 
"l 

CO 

9 

Liverpool. 
53"  40' 

to 

o 

X 

CO 

9 

o 

o 

CO 

o 

o 
1-1 
1 

o 

9 
1 

W5 

o 
9 

+ 

o 

1—1 

9 

(M 

O 

qo 

o 

UO 
05 

00 
o 

+ 

S<1 

9 

+ 

00 
o 
t- 

9 

+ 

CO 

9 

* 

o 

X 
rH 

9 

o 

1 

o 

M 
+ 

lO 

1— t 
o 
9 

1 

9 
1 

9 

IT) 

UO 

1 
1 

qp 

o 
IM 

I-l 

04 

I-l 

o 

1 

00 

o 

lO 

T-l 
+ 

o 

C5 
iH 

9 
'l 

I-l 

eo 
O 

CO 

03 
1 

00 

00 

1-1 

9 

qp 

o 
X 

-*< 

i-l 

I* 

1 

CO 
CO 

9 

+ 

CO 

T— 1 

9 
1 

o 
9 

00 

c. 
1-1 

9 

o 

iH 
CO 

1 

to 

CO 
o 
I— J 

CO 

+ 

00 

«o 
1-1 

00 

CO 

o 
I-l 

'l 

o 

CO 
9 

§ 
ec 

9 

C4 

• 

00 

00 

1-1 

CO 

9 

t> 

5>j 

o 
1 

1— ( 

+ 

1— < 
9 

1 

in 

1.0 

o 

CD 

9 

o 
00 

*1 

So 

CO 
o 

r 
1 

eo 
>o 

I— t 

9 
1 

eo 

9 

+ 

CO      o 

1-i 

T)5 

00 
1—) 

CO 

00 

9 

C5 

00 

1—! 

o 

1-1 

9 

1 

T-l 
1-1 

CO 

9 
+ 

CO 

9 

CO 

1— 1 

CO 

9 

05 

o 

o 

1 
1 

lb 

o 
l-O 

-^ 

+ 

CO 

o 

9 
1 

9 

1 

CO 

CO 

9 

K 
O 

■« 

< 

ft^' 

u 

1 

1 

< 

S^ 

S3 

-»-* 

-' 

1 

d 

1— 1 

6  « 

« ^ '     V ^ ■-      - 

•apiX  jfimSuu-ioj                   -apKL  ^TOaopj 

456 


ABSTRACT   DYNAMICS. 


[848. 


00 

>fl 

« 

as 

00 

o 

X 

o 

fKl 

'^. 

rH 

t» 

o 

o 

o 

o 

-f 

rH 

eo 

vt 

CO 

•* 

o 

o 

U3 

-1< 

'I" 

1-1 

o 

t— 

X 

^ 

iH 

X 

00 

CO 

+ 

o 

+ 

o 

+ 

9 

c 

4- 

9 

+ 

9 
+ 

o 

• 

o 

o 

V* 

C5 

UO 

to 

1-H 

o 

US 

•^ 

c* 

o 

rH 

UO 

X 

1-1 

CO 

r- 

■>* 

to 

o 

•>* 

o 

•^ 

o 

1—1 

+ 

to 

•o 

i-H 

iH 

CO 

I-I 

« 

1 

o 

+ 

o 

9 

o 

+ 

9 

+ 

9 

to 

•«J< 

t- 

?- 

1-1 

o 

o 

X 

CI 

eo 

us 

us 

1-^ 

Si 

CO 

>o 

13 

us 

in 

OS 

to 

•* 

>o 

o 

1-1 

o 

-»> 

o 

' 

"n 

•H 

'•■? 

iH 

r-t 

X 

+ 

o 

+ 

o 

+ 

9 

CO 

o 

1^ 

1 

o 

1 

9 

+ 

o 

• 

^ 

^ 

us 

•^ 

X 

IN 

o» 

X 

o 

t- 

CO 

^ 

Cs 

2 

lO 

1-1 

IM 

5« 

-1< 

us 

o 

M 

C4 

■* 

• 

to 

-* 

o 

CO 

-^ 

o 

to 

CO 
IM 

+ 

us 

IM 

rH 

a  t- 

iH 

X 

C5 

+ 

o 

+ 

o 

+ 

9 

o 

9 

+ 

9 

+ 

9 

k 

US 

u 

• 

o 

O 

I 

eo 

CJ 

»H 

o 

1-H 

•^ 

eo 

M 

^ 

-1< 

c» 

Oi 

o 

iH 

us 

eo 

X 

r^ 

us 

• 

o 

1-H 

r^ 

-r 

o 

X 

CI 

-f> 

1-H 

1—1 

■H 

r- 

o 

O 

o 

o 

o 

us 

o 

o 

o 

00 

X 

1-1 

^ 

1 

1 

s 

+ 

+ 

+ 

00 

+ 

cc 

:. 

a 

b     1 

H 

• 

l« 

N 

1 

o 

c» 

t^ 

d 

o 

o 

o 

X 

eo 

(C 

■-% 

, 

m 

rj 

C5 
O 

t~ 

w«l 

X 

eo 

o 

o 

•* 

X 

t~ 

O 

x 

^ 

'I" 

o 

o 

o 

o 
o 

CO 

o 

s 

o 

to 

1-H 

o 

g 

o 

X 

X 

t- 

" 

* 

* 

1-1 

1 

• 

• 

a 

1-1 

(M 

t- 

1 

' 

rH 

)s 

1 

+ 

(-1 

o 

+ 

d 

•^ 

iH 

CO 
U5 

1-H 

C4 

X 

CO 

t^ 

^ 

o 

us 

s 

5 

t~ 

to 

OS 

« 

X 

"»< 

'K 

CI 

■M 

=2 

CO 

X 

o 

CO 
CO 

'ab 
1 

o 

+ 

-I" 
o 

1 

9 

9 

2: 

1-H 

1 

9 

1 

8 
+ 

o 

1— 1 

C5 

X 

o 

CO 

t^ 

o 

X 

eo 

eo 

511 

X 

ors 

•o 

CO 

-«1 

X 

-<< 

fH 

t» 

t- 

o 

X 

o 

X 

e« 

s 

9 

fo 

^ 

s 

s 

s 

9 

o 

g 

s 

1-H 

o 

x. 

CO 

* 

' 

' 

-1< 

■       [ 

, 

F-H 

CO 

1 

+ 

1 

1 

CJ 

»: 

g 

« 

^ 

b 

eo 

^ 

CO 

CO 

a* 

eo 

e 

+ 

9> 

c« 

r- 

s 

«   t- 

i-i 
■-I 

o 

X 

1-1 

o 

w 

1-1 
+ 

115 

9 
+ 

3 

+ 

h- 

9 

to 

9 

+ 

+ 

9 

«9 

? 

«o 

o 

re 

00 

us 

52 

s 

s 

X 

e 

r 

o 

• 

S) 

o 
o 

+ 

9 

+ 

^ 

3 

CO 

1 

1-H 

9 
+ 

1-H 

9 
1 

CI 

9 

M    2 

: 

1 

3  •:: 

«33 

5 

H 

a; 

«< 

1 

< 

n 

c3 

i^ 

Ol 

w 

o 

Q 

o 

' 

9PM 

ifHqaI^E^OJ 

< — 

•epjX  ^ni^aopi 

848.] 


STATICS. 


457 


T^ 

(M 

<» 

i-H 

~ 

nn 

s 

00 

•  ^ 

iH 

-w 

S" 

!^ 

o 

<i' 

o 

« 

rn 

.o 

H 

B 

« 

ti 

O 

^> 

P4 

■TS 

M 

Iz; 

< 

§ 

HH 

•3 

Q 

-« 

S5 

>^ 

5  . 
-s  3 

t-H  03 

n      ID          ^ 
i  3    « 

SPh 

i» 

OS 

U5 

o 

c 

CC 

CO 
K5 

0 

0 
1 

00 

0 

CO 

0 
9 

1 

9 

1 
9 

CI 

1.0 

© 

«5 

5? 

© 

+ 

05 
<M 

9 
+ 

Ci 
CO 

9 
+ 

0 

r-l 

CO 

9 

00 

0 

9 

00 

00 

GO 

o 
9 

i-H 
CO 

C5 
1 

c 
9 

0 
1—1 

9 

1 

CO 
CO 

9 

C5 

9 

00 

C5 
S3 
CO 

© 
i-( 

1 

>o 
9 

+ 

1 

pq 

00 

o 

CO 
I— 1 

o 

r5 

0 
CO 

— H 
1—1 
0 

+ 

9 
+ 

c 

9 

+ 

to 

CO 

9 

1—1 

9 

0 

00 

0 

© 
00 

+ 

+ 

9 
+ 

GO 

9 

CI 

c4 

00 
!>■ 

00 

1-1 

s 

I7I 

0 

0 

I-( 

© 

1-1 

+ 

0 

c 

iH 
+ 

00 

0 

9 
+ 

CO 

0 

GO 

9 

C5 
CO 

9 

1-0 

© 
0 

© 

+ 

00 

0 

9 

+ 

+ 

00 

9 

id 

o 

oo 

00 

0 
0 

00 

00 

0 

0 

0 

+ 

to 
9 

+ 

^1 

0 
9 

+ 

S 
9 

00 
9 

00 

i 

1-1 

9 

+ 

9 

+ 

0 

0^ 

9 

cq 

1 

00 

00 

T— f 

0 

0 

C3 

0 

0 

0-1 

CO 

0 

CO 

0 
iH 

1 

05 

9 

+ 

00 

CO 

1—1 

9 

1 

«o 
9 

C<1 

9 

9 

00 

»o 

0 

0 
0 

CO 

lb 

© 

Oi 

1 

10 

9 
+ 

C5 

CO 

0 
0 

0 

CO 

9 

pq 
o 

1     - 

1 

< 
n 

o 

pq 

M 
M 

op 

I— ! 

0 
9 

0 
CO 

-Jl 

00 

+ 

9 
+ 

0 
9 
+ 

9 

© 
CO 

CO 
© 

0 
+ 

CO 
CO 

0 
9 

1 

05 

9 

00 

00 

r-l 

9 

CO 

^- 

0 
1-1 

CO 
CO 

0 

0 
(>) 

1 

00 

00 

9 

+ 

9 
1 

CO 

9 

CO 

9 

© 

rH 
CO 

C5 

© 

10 

1 

CO 

9 
+ 

00 

!>■ 

CO 

9 
1 

0 

(M 

9 

iH 
C) 

I-H 

T— 1 

0 

0 

1.0 

0 

+ 

C5 
0 

9 
+ 

1-1 
(M 

1— ( 

9 

+ 

CO 

9 
1 

9 

9 

© 
1—1 

CD 
© 

1 

00 

0 
9 

1 

CO 
CO 
(N 

9 

+ 

1-1 

9 

Okha  Point 
AND  Beyt 
Harbour. 

22»  28' 

o 

00 

I-H 

0 
0 

CO 

0 

0 

0 

+ 

C5 

9 
+ 

C5 

0 
9 

00 

=? 
0 
iH 

CO 

CO 

S) 

1 

i-i 

CO 
CO 

0 

+ 

10 

9 
1 

1-1 
9 

Place  

Latitude . . 

(^' 

lu 

1 

1^ 

<i 

m 

1 

«■ 

ij 

ij 

d 

P 

«■ 

J  1 

•9piX  i:i;tiSin;.i05        -apix  ^l^jnon 

453 


ABSTRACT   D  Y  N  A  M I CS. 


[848. 


IxiJiAX  Ports  {continued). 

[Indian  Tide  Tables,  1881-2.] 


Monthly  Tide.                    Fortnightly  Tide. 

Place 

Latitude.. 

ViZAOAPATAil. 

170  41' 

MADB.iS. 
1304' 

Port  Blaib, 

Boss  ISLAXO. 

110  40J' 

30.                    31. 

32. 

33. 

Year 

1879-SO. 

1880-1. 

18S0-1. 

1880-1. 

R.      1        •o;;6             -Oo-y 

•032 

•059 

(.                  3»-07       j      317«-oi 

3410-95 

3320-33 

e-2v.      [      -t-24«16'     ,     -17«43' 

+  60  41' 

-20  56' 

A. 

+  -0328 

+  -0524 

+  -031.S 

+  0589 

B. 

+  -0148 

-  0167 

+  -0037 

-•0029 

a. 

•0597 

•0534 

•0626 

•0649 

R. 

•021                  -077 

-040 

•020 

e. 

220-48         !      520-54 

400-65 

1-20-95 

c.         .      +22''21>'           +52«.33 

+  400  3".f 

+  12057 

C.               +0194            +-04(38 

+  -0304 

+  -0195 

D.              +-0080       1      +-0611 

+  0260 

+  •0045 

c.                   -0242      1          0253 

•0296 

•0307 

R/'Milts  of 
reduction. 


Gauss's  notation  is  adopted  for  the  reductions*.  That  is  to 
say,  [AA]  denotes  the  sum  of  tlie  squares  of  the  A's,  and  [Aa] 
the  sum  of  the  products  of  each  A  into  its  corre.-^ponding  a. 

In  computing  the  value  of  a  for  the  fortnightly  tide  the 
factor  (1— 4e*)  which  occurs  thei-ein  was  treated  as  being  equal 
to  unity;  .since  46*=  •0075-i,  it  follows  that  the  [aa],  which 
would  be  found  from  the  numbers  given  in  the  table,  must  be 
multiplied  by  (1- •01508),  and  the  [Aa]  and  [Ba]  by  (1-0075-P). 
After  introducing  these  correcting  factors  the  following  results 
were  found  ; 

[aa]=^14573,  [AA]=^09S31,  [BB]=^02576,  [Aa]=*098.36,  [Ba]=-00291 

[ccJ-02253,   [CC]=^11588,  [DD]=^07552,  [Cc]=-01533,[Dc]=^00202. 


*  Sec  Gauss's  works,  or  the  Appendix  to  Chauvenet's  Attronomy. 
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Then  accoidins:  to  the  method  of  least  squares,  the  following  are  Re<(ult8  of 
°  ^  reduction. 

the  most  probable  values  of  x,  y,  u,  v. 

[Aa]  [Ba]  [Cc]  [Do] 

^-P]'         ^"M'         ^-[cc]'  [cc]- 

And  if  m  be  the  number  of  observations  (which  in  the  present 
case  is  33)  the  mean  errors  of  x,  y,  u,  v  are  respectively 

J^       /[AA]  [aa] ^Aa:p  \^       /[BE]  [aa]  -  [Ba]^ 

["^]  V  m  - 1  '  [aa]  V  «*  - 1  ' 

J_     /[CC][cc]-[C^]~^  J_     /[DD][cc]-[D^ 

[cc]V  m-1  '  [cc]V  m-1 

The  probable  errors  are  found  from  the  mean  errors  by  multi- 
plying by  -6745. 
I  thus  find  that 
a:  =  -675  ±  -056,  y  =  -020  ±  -055,  u  =  '680  ±  -2.58,  v  =  -090  +  -218. 

The  smallness  of  the  values  of  y  and  v  is  satisfactory;  for,  as 
stated  above  (§  848  {d)),  if  the  equilibrium  theory  were  true  for 
the  two  tides  under  discussion,  they  should  vanish.  Moreover 
the  signs  are  in  agreement  with  what  they  should  be,  if  friction 
be  a  sensible  cause  of  tidal  retardation.  But  considering  the 
magnitude  of  the  probable  errors,  it  is  of  course  rather  more 
likely  that  the  non-evanescence  of  y  and  v  is  due  to  errors  of 
observation*. 

If  the  solid  earth  does  not  yield  tidally,  and  if  the  equi- 
librium theory  is  fulfilled,  x  and  u  should  each  be  approximately 

*  Shortly  after  these  computations  were  completed  Professor  Adams  hap- 
pened to  observe  a  misprint  in  the  Tidal  Eeport  for  1872.  This  Eeport  gives 
the  method  employed  in  the  reduction  by  harmonic  analysis  of  the  tidal  obser- 
vations, and  the  erroneous  formula  relates  to  the  reduction  of  the  tides  of  long 
period.  On  inquiring  of  Mr  Roberts,  who  has  superintended  the  harmonic 
analysis,  it  appears  that  the  erroneous  formula  has  been  throughout  used  in  the 
reductions.  A  discussion  of  this  mistake  and  of  its  effects  will  be  found  in  a 
paper  communicated  to  the  British  Association  by  me  in  1882.  It  appears  that 
the  values  of  the  fortnightly  tide  are  not  seriously  vitiated,  but  the  monthly 
elliptic  tide  will  have  suffered  much  more.  This  will  probably  account  for  the 
large  probable  error  which  I  have  found  for  the  value  of  the  monthly  tide.  If  a 
recomputation  of  all  the  long-period  tides  should  be  carried  out,  I  think  there  is 
good  hope  that  the  probable  error  of  the  value  of  the  fortnightly  tide  may  also 
be  reduced. 

It  appears  from  a  communication  from  Major  Baird,  R.E.,  that  the  erroneous 
formula  referred  to  has  not  been  used  in  the  reduction  of  the  ludian  Tidal 
Observations  (March  20,  1883). 
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unity,  and  if  it  yields  tidally  they  should  have  equal  values. 
The  very  close  agreement  between  them  is  probably  somewhat 
due  to  chance.  From  this  point  of  view  it  seems  reasonable  to 
combine  all  the  observations,  resulting  from  G6  years  of  obser- 
vation, for  both  sorts  of  tides  together. 

Then  writing  X  and  Y  for  the  numerical  factors  by  which 
the  equilibrium  values  of  the  two  components  of  either  tide  are 
to  be  multiplied  in  order  to  give  the  actual  results,  I  find 

X= -076+  070,     F= -029  ±-065. 

Tidal  yield-  Thcse  results  really  seem  to  present  evidence  of  a  tidal 
earth's  yielding  of  the  earth's  mass,  showing  that  it  has  an  effective 
Riffidity      rigidity  about  equal  to  that  of  steel  *. 

about  equal      '='         •> 

greatpr  But  this  result  is  open  to   some    doubt  for    the    following 

than  that 

of  steel.       reason : 

Taking  only  the  Indian  results  (48  years  in  all),  which  axe 
much  more  consistent  than  the  English  ones,  I  find 

jr=-931  ±  -OoG,     F=  -155  +  -008. 

"We  thus  see  that  the  more  consistent  observations  seem  to 
bring  out  the  tides  more  nearly  to  their  theoretical  equilibrium- 
values  with  no  elastic  yielding  of  the  solid. 

It  is  to  be  observed  however  that  the  Indian  results  being 
confined  within  a  narrow  range  of  latitude  give  (especially  when 
we  consider  the  absence  of  minute  accuracy  in  the  evaluation  of 
i£  in  §  848  (c))  a  less  searching  test  for  the  elastic  yielding,  than 
a  combination  of  results  from  all  latitudes. 

On  the  whole  mc  may  fairly  conclude  that,  ■whilst  there  is 
some  evidence  of  a  tidal  yielding  of  tlie  earth's  mass,  that 
yielding  is  certainly  small,  and  that  the  eftcctive  rigidity  is  at 
least  as  great  as  that  of  steel. 

•  It  is  remarkable  that  clastic  yielding  of  the  upper  etrata  of  the  earth,  in 
the  case  where  the  sea  does  not  cover  the  whole  surface,  may  lead  to  an  apparent 
auj^mentation  of  oceanic  tides  at  some  places,  situated  on  the  coasts  of  conti- 
nents. This  subject  is  investigated  in  the  Report  for  1882  of  the  Committee  of 
tlie  British  Association  on  "  The  Lunar  Disturbance  of  Gravity."  It  is?  there, 
hmvever,  erroneously  implied  that  this  kind  of  elastic  yielding  would  cause  an 
apparent  augmentation  of  tide  at  all  stations  of  observation. 
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The  folloivhig  Appendices  are  reprints  of  papers  published  at  various  times. 
Excepting  ichere  it  is  expressly  so  stated,  or  where  it  is  obvious  from  the 
context,  they  speak  as  from  the  date  of  publication.  The  marginal  notes 
hoioever  to  the  appendices  which  appeared  in  the  first  edition  speak  as  at  the 
date  of  issue  of  that  edition,  viz.  1867;  in  the  new  appendices  the  marginal 
notes  are  now  added  for  the  first  time. 

(C.) — Equations  of  Equilibrium  of  an  Elastic  Solid 

DEDUCED   FROM  THE   PRINCIPLE   OF   ENERGY*. 

(a)  Let  a  solid  composed  of  matter  fulfilling  no  condition  of 
isotropy  in  any  part,  and  not  homogeneous  from  part  to  part, 
be  given  of  any  shape,  unstrained,  and  let  every  point  of  its 
surface  be  altered  in  position  to  a  given  distance  in  a  given 
direction.  It  is  required  to  find  the  displacement  of  every  point 
of  its  substance,  in  equilibrium.  Let  x,  y,  z  be  the  co-ordinates 
of  any  particle,  P,  of  the  substance  in  its  undisturbed  position,  and 
X  +  a,  y  +  ^,  z  +  y  its  co-ordinates  when  displaced  in  the  manner 
specified :  that  is  to  say,  let  a,  /?,  y  be  the  components  of  the 
required  displacement.     Then,  if  for  brevity  we  put 
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these  six  quantities  A,  B,  C,  a,  b,  c  are  proved  [§190  (e)  and 
§  181  (5)]  to  thoroughly  determine  the  strain  experienced  by  the- 

*  Appendix  to  a  paper  by  Sir  W.  Thomson  on  "Dynamical  problems  is-, 
garding  Elastic  Spheroidal  Shells  and  Spheroids  of  incompressible  liquid."- 
Fhil.  Trans.  1863,  Vol.  153,  p.  610. 
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Strain  speci- 
fied by  six 
elements. 


Anticl- 
piitory  ap- 
plication of 
the  Carnot 
and  Clau- 
sius  ther- 
moilynauiio 
law: 


its  combina- 
tion with 
Joule's  law 
expressed 
analvtically 
for  eWtic 
solid. 


Potential 
eiicnry  of 
deforma- 
tion ( 


■  minimum 
for  stable 
equilibrium. 


Bubstance  infinitely  near  the  jmrticle  P  (irrespectively  of   any 
rotation  it  may  e.xperience),  in  the  following  manner: 

(6.)  Let  ^,  rj,  t,  be  the  undi.sturbed  co-ordinates  of  a  particle 
infinitely  near  P,  relatively  to  axes  through  P  parallel  to  those 
of  X,  y,  z  respectively  ;  and  let  ^^,  7;^,  ^^  be  the  co-ordinates 
relative  still  to  axes  through  P,  when  the  solid  is  in  its  strained 
condition.     Then 

^^^r,;  +  l^*  =  Ai'  +  Brf  +  CC^^arii+1hiU2chi (2); 

and  therefore  all  particles  which  in  the  strained  state  lie  on  a 
spherical  surface 

are  in  the  unstrained  state,  on  the  ellipsoidal  surface^ 

Ae  +  Byf  -f  Cr  +  ^arjK  -f-  2hU  +  2c^  =  r*. 
This  (§§  155 — 165)  completely  defines  the  homogeneous  strain  of 
the  matter  in  the  neighbourhood  of  P. 

(c.)  Hence,  the  thermodynamic  principles  by  which,  in  a  paf>er 
on  the  "Thermo-elastic  Pro[)erties  of  Matter*,"  Green's  dynamical 
theory  of  elastic  solids  was  demonstrated  as  part  of  the  modern 
dynamical  theory  of  heat,  show  that  if  wdxdydz  denote  the  work 
required  to  alter  an  infinitely  small  undLsturbed  volume,  dxdydz, 
of  the  solid,  into  its  disturbed  condition,  when  its  temperature 
is  kept  constant,  we  must  have 

w=f{A,B,C,a,h,c)  (3) 

where  f  denotes  a  positive  function  of  the  six  elements,  >vhich 
vanishes  when  A  —  \,B—\,  C—  1,  «,  h,  c  each  vanish.  And  if 
W  denote  the  whole  work  refjiiired  to  produce  the  change  actually 
experienced  by  the  whole  solid,  we  have 

]V  =  jjjwdxilyilz (4) 

where  the  trijile  integral  is  extended  through  the  space  occupied 
by  the  undisturbed  solid. 

(d.)  The  position  assumed  by  every  particle  in  the  interior  of 
the  solid  will  be  such  as  to  make  this  a  minimum  subject  to  the 
condition  that  every  particle  of  the  surface  takes  the  position 
given  to  it;  this  being  the  elementary  condition  of  stable  equili- 
brium.    Hence,  by  the  method  of  variations 

BW  =  JjjBwda:dydz  =  0 (5). 

•  Quarterly  Journ.  of  Math.,  April,   1855,  or  Mathematical  and  Physical 
Papers  by  Sir  W.  Thomson,  1882,  Art.  xiviii.  Part  vu. 
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But,  exhibiting  only  terms  depending  on  Sa,  we  have 

1'     dw  (da.         \       dw  da.      dv}  da'\  dSa 
(    dA  \dx        J      db  dz      dc  dy)  dx 

(^  dw  da      dw  da      dw  /da        \)  dBa 
r  dB  dij      da  dz      dc  \dx        J)  dy 

)] 


Potential 
energy  of 
deforma- 
tion ; 

a  minimum 
for  stable 
equilibrium. 


j    dw  da      dw  da      dw  /da 
\~  dC  dz      da    ^ 


dy      db  \dx 


dSa 
dz 


etc. 


Hence,  integrating  by  parts,  and  observing  that  8a,  S^,  By  vanish 
at  the  limiting  surface,  we  have 

8r=-///..rf,..{(f4^f)s„.etc.} (6) 

where  for  brevity  P,  Q,  R  denote  the  multipliers  of  — ,—  ,  -r  ,  —r 

dx     dy      dz 

respectively,  in  the  preceding  expression.    In  order  that  8  W  may 

vanish,  the  multipliers  of  8a,  8/3,  8y,  in  the  expression  now  found 

for  it,  must  each  vanish,  and  hence  we  have,  as  the  equations  of 

equilibrium 


d  J-  dw  /da         \       dw  da      dw  da") 
dx  {    dA  \dx        J       db  dz       dc  dy) 

d  ( f.  dw  da      dw  da      dw  /da      ^  N) 
dy  \    dB  dy      da  dz      dc  \dx        /  / 

(^  dw  da      dw  da      div  /da      ■,\]  ___  n 
I    dC  dz      da  dy      db  \dx        J  j 


d_ 
dz 


•(7), 


Equations 
of  internal 
equilibrium 
of  an  elastic 
solid  experi- 
encing no 
l3odily  force. 


etc.     etc. 

of  which  the  second  and  third,  not  exhibited,  may  be  written 
down  merely  by  attending  to  the  symmetry. 

(e.)  From  the  property  of  w  that  it  is  necessarily  positive  when 
there  is  any  strain,  it  follows  that  there  must  be  some  distribu- 
tion of  strain  through  the  interior  which  shall  make  j  J jvjdxdydz 
the  least  possible,  subject  to  the  prescribed  surface  condition ;  and 
therefore  that  the  solution  of  equations  (7)  subject  to  this  con- 
dition, is  possible.  If,  whatever  be  the  nature  of  the  solid  as 
to  difference  of  elasticity  in  different  directions,  in  any  part,  and 
as  to  heterogeneity  from  part  to  part,  and  whatever  be  the 
extent  of  the  change  of  form  and  dimensions  to  Avhich  it  is 
subjected,  there  cannot  be  any  internal  configuration  of  unstable 
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nence  neces- 
sarily uni- 
que for  a 
homofrene- 
ous  solid. 


£xt«nBion 
of  the  ana- 
lysis to  in- 
clude bodily 
force,  nnd 
data  of  sur- 
face ensy. 


Tnuisition 
to  case  of  ia- 
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Kinall 
Htrnins. 


Green's 
theory : 


equilibrium,  nor  consequently  any  but  one  of  stable  equilibrium, 
with  the  prescribed  surface  displacement,  and  no  disturbing  force 
on  the  interior ;  then,  besides  being  always  positive,  to  must  be 
such  a  function  of  -^,  B,  etc.,  that  there  can  be  only  one  solution 
of  the  equations.  This  is  obviously  the  case  when  the  unstrained 
solid  is  homogeneous. 

(/)  It  is  easy  to  include,  in  a  general  investigation  similar  to 
the  preceding,  the  effecta  of  any  force  on  the  interior  substance, 
such  as  we  have  considered  particularly  for  a  s{)hencal  .shell,  of 
homogeneous  isotropic  matter,  in  §§  730. ..737  above.  It  is  also 
easy  to  adapt  the  general  investigation  to  superficial  data  oijurce, 
instead  of  displacement 

((J.)  Whatever  be  the  general  form  of  the  function  /  for  any 
part  of  the  substance,  since  it  is  always  positive  it  cannot  change 
in  sign  when  A  —  1,11—  1,  (J  —\,a,  b,  c,  have  their  signs  changed ; 
and  therefore  for  infinitely  small  values  of  these  quantities  it  must 
be  a  homogeneous  quadratic  function  of  them  with  constant  co- 
etticients.  (And  it  may  be  useful  to  observe  that  for  all  values  of 
the  variables  A,  B,  etc.,  it  must  therefore  be  expressible  in  the 
same  form,  with  varying  coefficients,  each  of  which  is  always 
finite,  for  all  values  of  the  variables.)  Thus,  for  infinitely  small 
strains  we  have  Green's  theory  of  elastic  solids,  founded  on  a 
homogeneous  quadratic  function  of  the  components  of  strain,  ex- 
pressing the  work  required  to  produce  it     Thus,  putting 

^I-l  =  2«,  B-\  =  -2j\  C-l  =  2ff (8) 

and  denoting  by  ^  {e,  e),  it  {/,/), .-■{e, /),... {e,  a),...  the  coefli- 
cients,  we  have,  as  above  (§  673), 

w=  i  {{e,  e)  «•  -^  (/,  /)/'+  {g,  g)  /  -h  (a,  a)  a«  -h  (6,  b)  b'+  {e,  c)  c'\  ] 
+  {«>/)  «/  +  (<>  9)  «9  +  («.  «)  c«  +  {e,b)eb  +  {e,  c) ec 
HA9)/y  +  (/.  a)/a^(/,b)/b+  {/,c)/c 

+  iff, «)  ga  +  {9,  *)  9^  +  (9,  <^)  9c 
+  (a,  b)  ab  +  (a,c)ac 

+  (6,  c)  be 

(Ii.)  When  the  .strains  are  infinitely  small  the  products -3— -j- , 

dA  ax 


>{0). 


db 


-j^  ,  etc.,  are  each  infinitely  small,  of  the  second  order,     ^^'e 
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therefore  omit  them;   and    then    attending   to  (8),    we   reduce  Case  of 

infinitely 
(7)  to 


•(10). 


d  dw       d  dw      d  dw 
dx  de      dy  dc       dz  db 

d  dw       d  dw      d  dw 
dx  dc       dy  df      dz  da 

d  dw      d  dw      d  dw  _  _ 
dx  db      dy  da      dz  dg 

which  are  the  equations  of  interior  equilibrium.     Attending  to 

(9)  we  see  that  —  ...  ^...  are  linear  functions  of  e,  f,  g,  a, 

b,  c  the  components  of  strain.  Writing  out  one  of  them  as  an 
example  we  have 

^  =  (e,  e)  e  +  (e,/)/+  (e,  g)  g  +  {e,  a)  a  +  {e,  b)b  +  {e,  c)  c...(ll). 

And,  a,  /?,  y  denoting,  as  before,  the  component  displacements  of 
a]iy  interior  particle,  P,  from  its  undisturbed  position  {x,  y,  z) 
we  have,  by  (8)  and  (1) 


small 
strains  :- 


dynamic 
equations 
of  internal 
equili- 
brium: 


dB     dy 
dz      dii 


dy 

^  =  dz 

.       dy       da 
dx      dz 


da      d^ 
dy      dx 


.(12). 


and  relative 

kinematic 

equations. 


It  is  to  be  observed  that  the  coefficients  {e,  e),  {e, /),  etc.,  will  be 
in  general  functions  of  (x,  y,  z),  but  will  be  each  constant  when 
the  unstrained  solid  is  homoareneous. 


(i.)  It  is  now  easy  to  prove  directly,  for  the  case  of  infinitely 
small  strains,  that  the  solution  of  the  equations  of  interior  equi- 
librium, whether  for  a  heterogeneous  or  a  homogeneous  solid,  Solution 

'  »  '^  _  '  proved 

subject  to  the  prescribed  surface  condition,  is  uuique.     For,  let  unique 
a,  {3,  y  be  components  of  displacement  fulfilling  the  equations,  the  body 
and  let  a',  /?',  y'  denote  any  other  functions  of  x,  y,  z,  having  peneons  or 
the  same  surface  values  as  a,  ft,  y,  and  let  e,  /',...,  w'  denote  ous  when 
functions  depending  on  them  in  the  same  way  as  e, /,  ...,  w  de-  placement" 
pend  on  a, /?,  y.     Thus  by  Taylor's  theorem,  is  given: 

v/- u,  ==  ^  (.'-.)  + -^  (/'-/)  + -^- (,'-,)  + ^- (a' -  a) +  - (6' -  6)  +  ^  (c'-c)-:-ir, 

where  U  denotes  the  same  homogeneous  quadratic  function  of 
VOL.  II.  30 
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Case  o(  in- 
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btniiiis: — 


e  -e,  etc.,  that  w  is  of  c,  etc.     If  ft>r  e'-e,  etc.,  we  substitute 
their  values  by  (12),  this  becomes 


solution  not 
necossjirily 
unique, 
when  the 
surfnoe  data 
are  uf  force. 


Cf)n(iition 
thRt  sub- 
■btnce  ina^ 
be  isotropic, 
without 
liniilatiuii 
to  inflnitely 
sniiill 
atrniTig: 


W 


_dw  d{a  -a)      dwd  (a'  -  a)       dw  d^a -a)  „ 

~  de        dx  db        dz  dc        dy 


Multijdying  by  dxdydz,  integrating  by  parts,  ob.serving  that 
a'  -  a,  )8'  -  ^,  y'  -  7  vanish  at  tlie  bounding  surface,  and  takuig 
account  (10),  we  find  simply 

jjj{w'-w)dxdydz=jjjUdxdydz (13). 

But  U  is  essentially  positive.  Therefore  every  other  interior 
condition  than  that  specified  by  a,  ^,  y,  provided  only  it  liaa  the 
same  bounding  surface,  requires  a  greater  amount  of  work  than 
w  to  produce  it:  and  the  excess  is  equal  to  the  work  that  would 
be  required  to  produce,  from  a  state  of  no  displacement,  such  a 
displacement  as  superimposed  on  a,  yS,  y,  would  produce  the 
other.  And  inasmuch  as  a,  /?,  y,  fulfil  only  the  conditions  of 
satisfying  (11)  and  having  the  given  surface  values,  it  follows 
that  no  other  than  one  solution  can  fulfil  these  conditions. 

{j.)  But  (as  has  been  pointed  out  to  us  by  Stokes)  when  the 
surface  data  are  of  force,  not  of  displacement,  or  when  force  acts 
from  without,  on  the  interior  substance  of  the  body,  the  solution 
is  not  in  general  unique,  and  there  may  be  configurations  of 
unstable  equilibrium  even  with  infinitely  small  displacement. 
For  instance,  let  part  of  the  body  be  composed  of  a  steel-bar 
magnet ;  and  let  a  magnet  be  held  outside  in  the  same  line,  and 
with  a  pole  of  the  same  name  in  its  end  nearest  to  one  end  of  the 
inner  magnet.  The  equilibrium  will  be  unstable,  and  there  will 
be  positions  of  stable  equiliV>riuni  with  the  inner  bar  slightly  in- 
clined to  the  line  of  the  outer  bar,  unless  the  rigidity  of  the  rest 
of  the  body  exceed  a  certain  limit. 

{k.)  Recurring  to  the  general  problem,  in  which  the  strains  are 
not  sup|X)sed  infinitely  small ;  we  see  that  if  the  solid  is  isotropic 
in  every  part,  the  function  of  A,  B,  C,  a,  b,  c  which  expresses 
to,  must  be  merely  a  function  of  the  roots  of  the  equation 
[§181(11)] 

{A-C){B-C}{C-C)-a%A-C)-b\B-i:')-c'{C-C)^2abc^0...{U) 

which  (that  is  the  jwsitive  values  of  ^)  are  the  ratios  of  elonga- 
tion along  the  principal  axes  of  the  strain  ellipsoid.     Jt  is  un- 
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uecessary  here  to  enter  on  the  analytical  expression  of  this 
condition.  For  in  the  case  of  ^  -  1,  -^'-1,  0  ~  I,  a,  b,  c  each 
infinitely  small,  it  obviously  requires  that 

{e,e)={/,f)  =  (9,g);  {/,9)={9,e)={e,f)i  (a,a)  =  (b,b)  =  {c,c)-A 
{e,a)={/,  b)={g,c)  =  0;  {b,c)={c,a)^{a,b)  =  0;  and  I. ..(15). 

(e,  b)=  (e,  c)  =(/,  c)  =  {f,a)  =  {g,  a)=  (g,  b)  =  0.  J 

Thus  the  21  coefficieuts  are  reduced  to  three — 

(e,  e)  which  we  may  denote  by  the  single  letter  ^, 

ifyg)  „  »  ).  »  ^> 

(a,  a)  »  „  »  »  '"'• 

It  is  clear  that  this  is  necessary  and  sufficient  for  insuring  cubic  expressed  in 

•'  .  ...       equations 

isotropy;  that  is  to  say,  perfect   equality  of  elastic  properties  among  the 
with  reference  to  the  three  rectangular  directions  OX,  OY,  OZ.  elasticity 
But  for  spherical  isotropy,  or  complete  isotropy  with  reference  to  infinitely 
all  directions  through  the  substance,  it  is  further  necessary  that   i^trains. 

^-93  =  2'/* (16); 

as  is  easily  proved  analytically  by  turning  two  of  the  axes  of 
co-ordinates  in  their  own  plane  through  45";  or  geometrically 
by  examining  the  nature  of  the  strain  represented  by  any  one  of 
the  elements  a,  b,  c  (a  simple  shear)  and  comparing  it  with  the 
resultant  of  c,  and  /  —  —  e  (which  is  also  a  simple  shear).  It  is 
convenient  now  to  put 

^  +  33  =  2m;  so  that  ^  =  m  + -/i,  I3  =  m-n (17); 

and  thus  the  expression  for   the  potential  energy  per  unit  of 

volume  becomes 

2u,=m{e+f+gY+nie'+r+g'-2fff-2ge-2e/+a'+¥  +  c')...{l8).      Po^tentiai 

Using  this  iu  (9),  and  substituting  for  e,/,  g,  a,  b,  c  their  values  small 

by  (12),  we  find  immediately  the  equations  of   internal  equi-  \u  isotropic 

librium,  which  are  the  same  as  (6)  of  g  698. 

(I.)  To  find  the  mutual  force  exerted  across  any  surface  within 
the  solid,  as  expres.sed  by  (1)  of  §  662,  we  have  clearly,  by  con- 
sidering the  work  done  respectively  by  P,  Q,  R,  S,  T,  V  (§  662) 

on  any  infinitely  small  change  of  figure  or  dimensions  in  the 

gQjj(J  Components 

'  of  stre>s  re- 

_       dw        ^      dw         „      dw        „      dw        ^      diU        _.      dw        ....  inflniteU- 

P--1-,     Q--=-r?,     ^=3-.     '^=-7-'     ^=-n:>     ^=777  ••■(^9).       small 
de  of  dij  da  db  dc       ^     '        stiam. 
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Hence,  for  an  isotropic  solid,  (18)  gives  the  expressions  which  we 
have  used  above,  (12)  of  §  673. 

(m.)  To  interpret  the  coefficients  m  and  n  in  connexion  with 
elementary  ideas  as  to  the  elasticity  of  the  solid ;  first  let 
o  =  6  =  c  =  0,  and  e  =f=  g  =  \^'-  in  other  words,  let  the  substance 
experience  a  uniform  dilatation,  in  all  directions,  producing  an 
expansion  of  volume  from  1  to  1  +  8.     In  this  case  (18)  becomes 


and  we  have 


Hence  (m  -  \n)  8  is  the  normal  force  jjer  unit  area  of  its  surface 
required  to  keep  any  portion  of  the  solid  expanded  to  the  amount 
specified  by  8.  Thus  m  -  \n  measures  the  elastic  force  called 
out  by,  or  the  elastic  resistance  against, change  of  volume:  and 
viewed  as  a  modulu%  of  elasticity,  it  may  be  calletl  the  bulk- 
modulus.  [Compare  §§  G92,  Gl)3,  694,  688,  682,  and  680.] 
"What  is  commonly  called  the  "compressibility"  is  measured  by 
\l{vi-\n). 

And  let  next  e  =/=  g  =  h  =  c  =  0;  which  gi  ves 
w  =  hia*;  aud,  by  (19),  S=na. 
This  shows  that  the  tangential  force  per  unit  area  required  t«> 
produce  an  infinitely  small  shear  (§  171),  amounting  to  a,  is  na. 
Hence  n  measures  the  innate  power  of  the  body  to  resist  change 
of  shape,  and  return  to  its  original  shajie  when  force  has  been 
applietl  to  change  it :  that  is  to  say,  it  measures  the  rigidity  of 
the  substance. 
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(D). — On  the  Secular  Cooling  of  the  Earth*. 

(a.)  For  eighteen  years  it  has  pressed  on  my  mind,  that 
essential  principles  of  Thermo-dynamics  have  been  overlooked 
by  those  geologists  who  uncompromisingly  oppo.se  all  paroxysmal 
hypotheses,  and  maintain  not  only  that  we  have  examples  now 
before  us,  on  the  earth,  of  all  the  different  actions  by  which  its 
crust  has  been  mndifiod  in  geological  history,  but  that  these 
actions  have  nevor,  or  have  not  on  the  whole,  been  more  violent 
in  past  time  than  they  are  at  present. 

•  Trantactiont  of  the  Boyal  Society  of  Edinburgh,  1862  (W.  Thomson), 
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(h.)  It  is  quite  certain  the  solar  system  cannot  have  gone  on,  Dissipation 
even  as  at  present,  for  a  few  hundred  thousand  or  a  few  million  from  the 
years,  without  the  irrevocable  loss  (by  dissipation,  not  by  anni-  system. 
hilation)  of  a  very  considerable  proportion  of  the  entire  energy 
initially  in  store  for  sun  heat,  and  for  Plutonic  action.  It  is 
quite  certain  that  the  whole  store  of  energy  in  the  solar  system 
has  been  greater  in  all  past  time  than  at  present ;  but  it  is  con- 
ceivable that  the  rate  at  which  it  has  been  drawn  upon  and  dis- 
sipated, whether  by  solar  radiation,  or  by  volcanic  action  in  the 
earth  or  other  dark  bodies  of  the  system,  may  have  been  nearly 
equable,  or  may  even  have  been  less  rapid,  in  certain  periods  of 
the  past.  But  it  is  far  more  probable  that  the  secular  rate  of 
dissipation  has  been  in  some  direct  proportion  to  the  total  amount 
of  energy  in  store,  at  any  time  after  the  commencement  of  the 
present  order  of  things,  and  has  been  therefure  very  slowly 
diminishing  from  age  to  age. 

(c.)  I  have  endeavoured  to  prove  this  for  the  sun's  heat,  in  an  Terrejtrial 
article  recently  published  in  Macmillan'  s  Magazine  (March  1862)*,  fluenced  by 
where  I  have  shown  that  most  probably  the  sun  was  sensibly  babfy  hotter 
hotter  a  million  years  ago  than  he  is  now.      Hence,  geological  million 
speculations  assuming  somewhat  greater  extremes  o<"  heat,  more  ^^"^  ^°' 
violent  storms  and  floods,  more  luxuriant  vegetation,  and  hardier 
and  coarser  grained  plants  and  animals,  in  remote  antiquity,  are 
more  probable  than    those    of  the  extreme   quietist,    or   "uni- 
formitarian"  school.     A  middle  path,  not  generally    safest  in 
scientific  speculation,  seems  to  be  so  in  this  case.     It  is  probable 
that  hypotheses  of  grand  catastrophes  destroying  all  life  from 
the  earth,  and  ruining  its  whole  surface  at  once,  are  greatly  in 
error  ;  it  is  impossible  that  hypotheses  assuming  an  equability 
of  sun  and  storms  for  1,000,000  years,  can  be  wholly  true. 

{d.)  Fourier's  mathematical  theory  of  the  conduction  of  heat 
is  a  beautitul  working  out  of  a  particular  case  belonging  to  the 
general  doctrine  of  the  "Dissipation  of  Energy  f."  A  character- 
istic of  the  practical  solutions  it  presents  is,  that  in  each  case  a 

*  Reprinted  as  Appendix  E,  below. 

+  Proceedings  of  Eoyal  Sac.  Edin.,  Feb.  1852.  "  On  a  universal  Tendency 
in  Nature  to  the  Dissipation  of  Mechanical  Energy,"  Mathematical  and  Physical 
Papers,  by  Sir  "W.  Thomson,  1882,  Art.  lix.  Also,  "On  the  Restoration  of  Energy 
in  an  unequally  Heated  Space,"  Phil.  Mag.,  1853,  first  half  year,  Mathematical 
and  Physical  Papers,  by  Sir  W.  Thomson,  18S2,  Art.  lxii. 
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distribution  of  temperature,  lx?coming  gnidtially  equalized  through 
an  unlimited  future,  is  expressed  as  a  function  of  the  time,  which 
is  infinitely  divergent  for  all  times  longer  past  than  a  definite 
determinable  epoch.  The  distribution  of  heat  at  such  an  epoch 
is  essentially  initial — that  is  to  say,  it  cannot  result  from  any 
previous  condition  of  matter  by  natural  processes.  It  is,  then, 
well  called  an  "arbitrary  initial  distribution  of  heat,"  in  Fourier's 
great  mathematical  poem,  because  that  which  is  rigorously  ex- 
j)ressed  by  the  mathematical  formula  could  only  be  realized  by 
action  of  a  power  ablu  to  modify  the  laws  of  dead  matter.  In  an 
article  published  about  nineteen  years  ago  in  the  Cambridge 
Jlathenuitical  Journal*,  I  gave  the  mathematical  criterion  for  an 
essentially  initial  distribution ;  and  in  an  inaugural  essay,  "De 
Motu  Caloris  per  Terrje  Corpus,"  read  before  the  Faculty  of  the 
University  of  Glasgow  in  184G,  I  suggested,  as  an  application 
of  these  principles,  that  a  perfectly  complete  geothermic  survey 
would  give  us  data  for  determii)ing  an  initial  epoch  in  the  pro- 
blem of  terrestrial  conduction.  At  the  meeting  of  the  British 
Association  in  Glasgow  in  1855,  1  urged  that  sj>ecial  geothermic 
surveys  should  be  made  for  the  purpose  of  estimating  absolute 
dates  in  geology,  and  I  pointed  out  some  cases,  especially  that 
of  the  salt-spring  borings  at  Creuznach,  in  Khenish  Prussia,  in 
which  eruptions  of  basaltic  rock  seem  to  leave  traces  of  their 
igneous  origin  in  residual  lieatt.  I  hope  tiiis  suggestion  may  yet 
be  taken  up,  and  may  prove  to  some  extent  useful ;  but  the  dis- 
turbing influences  atfecting  underground  temperature,  as  Pro- 
fessor Phillips  has  well  shown  in  a  recent  inaugunil  address  to 
th6  Geological  Society,  are  too  great  to  allow  us  to  exi)ect  any 
very  precise  or  satisfactory  results  J. 

(c.)  The  chief  object  of  the  present  communication  is  to  esti- 
mate from  the  known  general  increase  of  temperature  in  the 
earth  downwards,  the  date  of  tlie  first  establishment  of  that  c<m 
sistentior   status,  which,   according  to  Leibnitz's  theory,  is  the 
initial  date  of  all  geological  history. 


•  Feb.  1844.— "Note  on  Certain  Points  in  the  Theory  of  Heat,"  Mathemati- 
cal and  Physical  Papers,  by  Sir  W.  Thomson,  1882,  Vol.  i.  Art.  x. 

t  S.o  British  Association  Report  of  1855  (Glasgow)  Meeting. 

J  Much  work  in  the  direction  suggested  above  has  been  already  carried  oat 
by  the  Committee  of  the  British  Association,  on  Underground  Temperature. 
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(f.)    In  all  parts  of  the  world  in  which  the  earth's  crust  has  Increase  of 

.  /v    •        1  11  1  •       temperature 

been  examined,  at  suflSciently  great  depths  to  escape  large  m-  downwards 

fluence  of  the  irregular  and  of  the  annual  variations  of  the  super-  crust:  but 

vcrv  iiD  • 
ficial  temperature,  a  gradually  increasing  temperature  has  been  perfectly 

oV)Sf*rvGtl 

found  in  going  deeper.  The  rate  of  augmentation  (estimated  at  hitherto, 
only  YTff^^^  °^  *  degree,  Fahr.,  in  some  localities,  and  as  much 
as  x^gth  of  a  degree  in  other,  per  foot  of  descent)  has  not  been 
observed  in  a  sufficient  number  of  places  to  establish  any  fair 
average  estimate  for  the  upper  crust  of  the  whole  earth.  But 
•g\jth  is  commonly  accepted  as  a  rougli  mean;  or,  in  other  words, 
it  is  assumed  as  a  result  of  ob.servation,  that  there  is,  on  the 
•whole,  about  P  Fahr.  of  elevation  of  temperature  per  50  British 
feet  of  descent. 

(<7.)     The  fact  that  the  temperature  increases  with  the  depth  Secular  loss 

implies  a  continual  loss  of  heat  from  the  interior,  by  conduction  of  the  earth 

'■  "^         .  demon- 

outwards  through  or  into  the  upper  crust.      Hence,  since  the  strated: 

upper  crust  does  not  become  hotter  from   year  to   year,  there 
must  be  a  secular  loss  of  heat  from  the  whole  earth.     It  is  pos- 
sible that  no  cooling  may  result  from  this  loss  of  heat,  but  only 
an  exhaustion    of   potential   energy,    which  in  this  case  could 
scarcely  be    other   than    chemical    affinity    between    substances  but  not  so 
forming  part  of  the  earth's  mass.     But  it  is  certain  that  either  or  past 
the  earth  is  becoming  on  the  whole  cooler  from  age  to  age,  or  cooling, 
the  heat  conducted  out  is  generated  in  the  inteiior  by  temporary  probable, 
dynamical  (that  is^  in  this  case,  chemical)  action*.     To  suppose, 
as  Lyell,  adopting  the  chemical  hypothesis,  has  donef,  that  the 
substances,  combining  together,  may  be  again  separated  electro- 
lytically  by  thermo-electric  currents,  due  to  the  heat  generatetl  Fallacy  of 
by  their  combination,  and  thus  the  chemical  action  and  its  heat  electric 

''  '  _  perpetual 

continued  in  an  endless  cycle,  violates  the  piinciples  of  natural  motion, 
philosophy  in  exactly  the  same  manner,  and  to  the  same  degree, 
as  to  believe  that  a  clock  constructed  with  a  self-winding  move- 
ment may  ful61  the  expectations  of  its  ingenious  inventor  by 
going  for  ever. 

•  Another  kind  of  dynamical  action,  capable  of  generating  heat  in  the  interior 
of  the  earth,  is  the  friction  which  would  impede  tidal  oscillations,  if  the  earth 
were  partiallj"  or  wholly  constituted  of  viscous  matter.  See  a  paper  by  Mr  G.  H. 
Darwin,  "  On  problems  connected  with  the  tides  of  a  viscous  spheroid."  Phil. 
Trans.  Part  ii.  1879. 

+  Frinciples  of  Geology,  chap.  xxxi.  ed.  1853. 
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(/t.)  It  must  indeed  be  admitted  that  many  geological  writers 
of  the  "  Uniform itarian"  school,  who  in  other  respects  have 
taken  a  profoundly  philosophical  view  of  their  subject,  have 
argued  in  a  most  fallacious  manner  against  hypotheses  of  violent 
action  in  past  ages.  If  they  had  contented  themselves  with 
showing  that  many  existing  appearances,  although  suggestive  of 
extreme  violence  and  sudden  change,  may  have  been  brought 
about  by  long-continued  action,  or  by  paroxysms  not  more  in- 
tense than  some  of  which  we  have  experience  within  the  periods 
of  human  history,  their  position  might  have  been  unassailable  ; 
and  certainly  could  not  have  been  as.sailed  except  by  a  detailed 
discussion  of  their  i'acts.  It  would  be  a  very  wonderful,  but  not 
an  absolutely  incredible  result,  that  volcanic  action  has  never 
been  more  violent  on  the  whole  than  during  the  last  two  it  three 
centuries ;  but  it  is  as  certain  that  there  is  now  less  volcanic 
energy  in  the  whole  earth  than  there  was  a  thousand  years  ago, 
as  it  is  that  there  is  less  gunpowder  in  a  "Monitor"  after  she 
has  been  seen  to  discharge  shot  and  shell,  whether  at  a  nearly 
equable  rate  or  not,  fo)-  five  hours  without  receiving  fresh  sup- 
plies, than  there  was  at  the  beginning  of  the  action.  Yet  this 
truth  has  been  ignored  or  denied  by  many  of  the  leading  geolo- 
gists of  the  present  day  *,  because  they  believe  that  the  facts  within 
their  province  do  not  demonstrate  greater  violence  in  ancient 
changes  of  the  earth's  surface,  or  do  demonstrate  a  nearly  equable 
action  in  all  periods. 

(i.)  The  chemical  hypothesis  to  account  for  underground  heat 
might  be  regarded  as  not  improbable,  if  it  was  only  in  isolated 
localities  that  the  temperature  was  found  to  increase  with  the 
depth ;  and,  indeed,  it  can  scarcely  be  doubted  that  chemical 
action  exercises  an  appreciable  influence  (possibly  negative,  how- 
ever) on  the  action  of  volcanoes ;  but  that  there  is  slow  uniform 
"combustion,"  eremacausis,  or  chemical  combination  of  any  kind 
going  on,  at  some  great  unknown  depth  under  the  surface  every- 
where, and  creeping  inwards  gradually  as  the  chemical  athnities 
in  layer  after  layer  are  successively  saturated,  seems  extremely 
improbable,  although  it  cannot  be  pronounced  to  be  absolutely 
impossible,  or  contrary  to   all    analogies  in  nature.     The    less 

•  It  must  be  borne  in  mind  that  this  was  written  in  1862.  The  opposite 
stftteinent  concerning  the  beliefs  of  geologists  would  probably  be  now  nearer  the 
truth." 
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liypothetical  view,  however,  that  the  earth  is  merely  a  warm 
chemically  inert  body  cooling,  is  clearly  to  be  preferred  in  the 
present  state  of  science. 

(_;".)    Poisson's  celebrated  hypothesis,  that  the  present  nnder-  Poisson's 
ground  heat  is  due  to  a  passage,  at  some  former  period,  of  the  to  account 
solar  system  through  hotter  stellar  regions,  cannot  provide  the  undTr-'"'*'"^ 
circumstances  required  for  a  palseontology  continuous  through  h^at  proved 
that  epoch  of  extei-nal  heat.      For  from  a  mean  of  values  of  the  '"t'hout  ^ 
conductivity,  in  terms  of  the  thermal  cai)acity  of  unit  volume,  of  onfS!'^''^" 
the  earth's  crust,  in  three  different  localities  near  Edinburgh, 
deduced    from    the    observations    on    underground  temperature 
instituted   by  Principal    Forbes  there,   I  find  that  if  the  sup- 
posed transit    through    a    hotter    region    of   space    took    place 
between  1250  and  5000  years  ago,  the  temperature  of  that  sup- 
posed region  must  have  been  from  25"  to  50"  Fahr.  above  the 
present  mean  temjDerature  of  the  earth's  surface,  to  account  for 
the  present  general  rate  of  underground  increase  of  temperature, 
taken  as  1"  Fahr.  in  50  feet  downwards.     Human  history  nega- 
tives this  supposition.     Again,  geologists  and  astronomers  will, 
I  presume,  admit  that  the  earth  cannot,  20,000  years  ago,  have 
been  in  a  region  of  .space  100"  Fahr.  warmer  than  its  present 
surface.     But  if  the  transition  from  a  hot  region  to  a  cool  region  poisson's 
supposed  by  Poisson  took  place  more  than  20,000  years  ago,  the  rt^sprovedas 
excess  of  temperature  must  have  been  more  than  100"  Fahr.,  and  abfem^riga- 
must  therefore  have  destroyed  animal  and  vegetable  life.     Hence,  Leibnitz's 
the  further  back  and  the  hotter  we  can  suppose  Poisson's  hot  ^'^^''y- 
region,  the  better  for    the   geologists  who  require  the  longest 
periods ;  but  the  best  for  their  view  is  Leibnitz's  theory,  which 
simply  supposes  the  earth  to  have  been  at  one  time  an  incan- 
descent liquid,  without  explaining  how  it  got  into  that  state.      If 
we  suppose  the  temperature  of  melting  rock  to  be  about  10,000" 
Fahr.  (an  extremely  high  estimate),  the  consolidation  may  have 
taken  place  200,000,000    years    ago.      Or,   if    we   suppose    the 
temperature  of  melting  rock  to  be  7000"  Fahr.  (which  is  more 
nearly  what  it  is  generally  assumed  to  be).  Me  may  suppose  the 
consolidation  to  have  taken  place  98,000,000  years  ago. 

(k.)    These  estimates  are  founded  on  the  Fourier  solution  de-  Probable 

mi  •      ■  1  1        •      limits  of 

moustrated  below.     The  greatest  variation  we  have  to  make  m  uncertainty 

-       .  1        Tj^  •      ii  a."  /•  as  to  ther- 

them,  to  take  mto  account  the  dinerences  m  the  ratios  oi  con-  mal  con- 
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ductivitie.s  to  specific  heats  of  tbe  three  Edinburgh  rocks,  is  to 
reduce  them  to  nearly  half,  or  to  increase  them  by  rather  more 
than  half.  A  reduction  of  the  Green%vich  underground  observa 
tions  recently  communicated  to  me  by  Professor  Everett  of 
Windsor,  Nova  Scotia,  gives  for  the  Greenwich  rocks  a  quality 
intermediate  between  those  of  the  Edinburgh  rocks.  But  we  are 
veiy  ignorant  as  to  the  effects  of  high  temperatures  in  nltering 
the  conductivities  and  specific  heats  of  rocks,  and  as  to  their 
latent  heat  of  fusion.  We  must,  therefore,  allow  very  wide 
limits  in  such  an  estimate  as  I  have  attempted  to  make ;  but  I 
think  we  may  with  much  probability  say  that  the  consolidation 
cannot  have  taken  place  less  than  20,000,000  years  ago,  or  we 
should  have  more  underground  heat  than  we  actually  have,  nor 
more  than  400,000,000  years  ago.  or  we  should  not  have  so  much 
as  the  least  observed  underground  increment  of  temperature. 
That  is  to  say,  I  conclude  that  Leibnitz's  epoch  of  emergence 
of  the  consistentior  status  was  probably  between  those  dates. 

(/.)  The  mathematical  theory  on  which  these  estimates  are 
founded  is  very  simple,  being,  in  fact,  merely  an  application  of 
one  of  Fourier's  elementary  solutions  to  the  problem  of  finding 
at  any  time  the  rate  of  variation  of  temperature  from  point  to 
point,  and  the  actual  temperature  at  any  point,  in  a  solid  extend- 
ing to  infinity  in  all  directions,  on  the  supposition  tliat  at  an 
initial  epoch  the  temperature  has  had  two  difierent  constant 
values  on  the  two  sides  of  a  certain  infinite  plane.  The  solution 
for  the  two  required  elements  is  as  follows: — 


dv 
dx 

V      . 
J-nKt 

■±ilUt 

v  = 

^0 

2V 

d: 

-  .1 

where  k  denotes  the  conductivity  of  the  solid,  measured  in  terms 
of  the  thermal  capacity  of  the  unity  of  bulk; 

F,  half  the  difference  of  the  two  initial  temperatures; 

v„  their  arithmetical  mean ; 

t,  the  time; 

X,  the  distance  of  any  point  from  the  middle  plane; 

V,  the  temperature  of  the  point  x  and  t; 
and,  consequently  (according  to  the  notation  of  the  differential 
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calculus),  dv/dx  the  rate  of  variation  of  the  temperature  per  unit 
of  length  perpendicular  to  the  isothennal  planes. 

(m.)  To  demonstrate  this  solution,  it  is  sufficient  to  verifv — 

(1.)    That  the  expression  for  v  satisfies  Fourier's  equation  for 
the  linear  conduction  of  heat,  viz.  : 

dv        d'v 
li"'^  dx^' 

(2.)  That  when  t  =  0,  the  expression  for  v  becomes  v^4-V for  all 
positive,  and  v^—V  for  all  negative  values  of  x;  and  (3.)  That  the  procf. 
expression  for  dv/dx  is  the  differential  coefficient  of  the  expres- 
sion for  V  with  reference  to  x.  The  propositions  (1.)  and  (3.)  are 
proved  directly  by  differentiation.  To  prove  (2.)  we  have,  when 
t  =  0,  and  X  positive, 

v  =  v^+^ 


dz€' 

'0 


or  according  to  the  known  value,   ^J'n;  of  the  definite  integral 
dz€~^',  v-Vg  +  V ; 


L 


0 

and  for  all  values  of  t,  the  second  term  has  equal  positive  and 
negative  values  for  equal  positive  and  negative  values  of  x,  so 
that  when  t-0  and  x  negative, 

V  =  Vg  —  V. 
The  admirable  analysis  by  which  Fourier  arrived  at  solutions  in- 
cluding this,  forms  a  most  interesting  and  important  mathematical 
study.     It  is  to  be  found  in  his  Theorie  Anal ytique  de  ki  Chaleur. 
Paris,  1822. 

(n.)  The  accompanying  diagram  (page  477)  represents,  by  two 
curves,  the  preceding  expressions  for  dv!dx  and  v  respectively. 

(0.)  The  solution  thus  expressed  and  illustrated  applies,  for  a  Expression 
cei*tain  time,  without  sensible  error,  to  the  case  of  a  solid  sphere,  temperature 
primitively  heated  to  a  uniform  temperature,  and  suddenly  ex-  0^1*0/^"^ 
posed  to  any  superficial  action,  which  for  ever  after  keeps  the  ^^^cingt^ 
surface  at  some  other  constant  temperature.     If,  for  instance,  °°°^- 
the  case  considered  is  that  of  a  globe  8000  miles  diameter  of 
solid  rock,  the  solution  will  apply  with  scarcely  sensible  error  for 
more  than  1000  millions  of   years.     For,  if  the  rock  be  of  a 
certain  average  quality  as  to  conductivity  and  specific  heat,  the 
value  of  K,  as  found  in  a  previous  communication  to  the  Royal 
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Society,*  will  be  400,  for  unit  of  length  a  British  foot  and  unit  of 
time  a  year;  and  the  equation  expres.sing  the  solution  becomes 

V 


dv         J 


-r' leeot. 


and  if  we  give  t  the  value  1,000,000,000,  or  anything  less,  the 
exponential  factor  becomes  less  than  t"'*  (which  being  equal 
to  about  -ji^,  may  be  regarded  as  insensible),  when  x  exceeds 
3,000,000  feet,  or  568  miles.  That  is  to  say,  during  the  first 
1000  million  years  the  variation  of  temperature  does  not  become 
sensible  at  depths  exceeding  068  miles,  and  is  therefore  con- 
tined  to  so  thin  a  crust,  that  the  influence  of  curvature  may  be 
neglected. 

ip.)  If,  now,  we  suppose  the  time  to  be  100  million  yeai-s  from 
the  commencement  of  the  variation,  the  equation  becomes 

do  J 


y^-7fii\eoaxvf 


The  diagram,  therefore,  ^sllo\vd  the  variation  of  temperature  which 
M'ould  now  exist  in  the  earth  if,  its  whole  mass  being  first  solid 
and  at  one  temperature  100  million  years  ago,  the  temperature  of 
its  surface  had  been  everywhere  suddenly  lowered  by  V  degrees, 
and  kept  permanently  at  this  lower  temperature:  the  scales  used 
being  as  follows: — 

(1)  For  depth  below  the  surface, — scale  along  OX,  length  o, 
represents  400,000  feet. 

(2)  For  rate  of  increase  of  temperature  per  foot  of  depth, — 
scale  of  ordinates  parallel  to  Ol\  length  h,  represents  -^-ij^xsTt  ''^ 
F  per  foot.  If,  for  example,  r=  7000"  Fahr.  this  scale  will 
be  such  that  b  represents  — L.  of  a  degree  Fahr.  per  foot. 

(3)  For  excess  of  temperatui'e, — scale  of  ordinates  parallel  to 
OY,  length  h,  represents  V^  Jir,  or  7900",  if  V=  7000"  Fahr. 

Thus  the  rate  of  increase  of  temperature  from  the  surface 
downwards  would  be  sensibly  -^^  of  a  degree  per  foot  for  the 
first  100,000  feet  or  so.  Below  that  depth  the  rate  of  increase 
l)er  foot  would  liegin  to  diminish  sensibly.  At  400,000  feet  it 
would  have  diminished  to  about  ytj  °^  ^  degree  per  foot.     At 

•  "On   the  Perioilical  Variations  of  Undt rground  Temperature."     Trans. 
Roy.  Sor.  Edin.,  March  18G0. 
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INCREASE    OF   TEMPERATURE   DOWNWARDS   IN   THE   EARTH. 


ON=x. 

2^F  =  6e-^-/<^  =  2/'. 


NP=area 


1  r* 

ONP'A-^a  =  -        ii'dx 
a  J  0-' 


a  =  2jKt. 

dv_v    m" 

dx~  a  '  h\J^  ' 
NP 


t7-V|,=  F. 
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graphically 
represented 


■JiJOO^fWii:' 


OPQ  curve  showing  excess  of  temperature  above  that  of  the  surface. 
AP'B  curve  showing  rate  of  augmentation  of  temperature  downwards. 
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800,000  ft-et  it  would  have  dimiuished  to  less  than  -^q  of  its 
initial  value, — that  is  to  say,  to  less  than  n^f^  of  a  degree  per 
foot;  and  so  on,  rapidly  diminishing,  as  shown  in  the  curve. 
Such  is,  on  the  whole,  the  most  probable  representation  of  the 
earth's  present  temperature,  at  depths  of  from  100  feet,  where 
the  annual  variations  cease  to  be  sensible,  to  100  miles;  below 
which  the  whole  mass,  or  all  except  a  nucleus  cool  from  the 
beginning,  is  (whether  liquid  or  solid),  probably  at,  or  very 
nearly  at,  the  proper  melting  temperature  for  the  pressure  at 
each  depth. 

(q.)  The  theory  indicated  above  throws  light  on  the  question  so 
often  discussed,  as  to  whether  terrestrial  heat  can  have  influenced 
climate  through  long  geological  periods,  and  allows  us  to  answer 
it  very  decidedly  in  the  negative.  There  would  be  an  increment  of 
temperature  at  the  rate  of  2"  Fahr.  per  foot  downwards  near  the 
surface  10,000  years  after  the  beginning  of  the  cooling,  in  the 
case  we  have  supposed.  The  radiation  from  earth  and  atmo- 
sphere into  space  (of  which  we  have  yet  no  satisfactory  absolute 
measurement)  would  almost  certainly  be  so  rapid  in  the  earth's 
actual  circumstances,  as  not  to  allow  a  rate  of  increase  of  2"  Fahr. 
per  foot  underground  to  augment  the  temperature  of  the  surface 
by  much  more  thsin  about  1";  and  hence  I  infer  that  the  general 
climate  cannot  be  sensibly  affected  by  conducted  heat  at  anytime 
more  than  10,000  years  after  the  commencement  of  superficial 
solidification.  No  doubt,  however,  in  particular  places  there 
might  be  an  elevation  of  temjierature  by  thermal  springs,  or  by 
eruptions  of  melted  lava,  and  everywhere  vegeUition  would,  for 
the  first  three  or  four  million  year^,  if  it  existed  so  soon  after 
the  epoch  of  consolidation,  be  influenced  by  the  sensibly  higher 
temperature  met  with  by  roots  extending  a  foot  or  more  below 
the  surface. 

(r.)  Whatever  the  amount  of  such  eflects  is  at  any  one  time, 
it  would  go  on  diminishing  according  to  the  inverse  proportion  of 
the  square  roots  of  the  times  from  the  initial  epoch.  Thus,  if  at 
10,000  years  we  have  2°  per  foot  of  increment  below  ground, 

At  40,000  years  we  should  have  1°  per  foot. 

160,000         „  „  i«       „ 

„       4,000,000         „  „ 

„  100,000,000        ,,  „ 


1    0 
1    0 
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It  is  therefore  probable  that  for  the  last  96,000,000  years  the 
rate  of  iucrease  of  temperature  under  ground  has  gradually 
diminished  from  about  jjjth.  to  about  -^th  of  a  degree  Fahrenheit 
per  foot,  and  that  the  thickness  of  the  crust  through  which  any 
stated  degree  of  cooling  has  been  expeiienced  has  in  that 
period  gradually  increased  up  to  its  present  thickness  from  ^^th 
of  that  thickness.  Is  not  this,  on  the  whole,  in  harmony  with 
geological  evidence,  rightly  interpreted?  Do  not  the  vast  masses 
of  basalt,  the  general  appearances  of  mountain-ranges,  the  vio- 
lent distortions  and  fractures  of  strata,  the  great  prevalence  of 
metamorphic  action  (which  must  have  taken  place  at  depths  of 
not  many  miles,  if  so  much),  all  agree  in  demonstrating  that  the 
rate  of  increase  of  temperature  downwards  must  have  been  much 
more  rapid,  and  in  rendering  it  probable  that  volcanic  energy, 
eai'thquake  shocks,  and  every  kind  of  so-called  plutonic  action, 
have  been,  on  the  whole,  more  abundantly  and  violently  opera- 
tive in  geological  antiquity  than  in  the  present  age? 

(s.)  But  it  may  be  objected  to  this  application  of  mathematical  Objections 

1  11  1       1  T  to  terres- 

theory — (1),   ihat   the   earth  was  once  all  melted,  or  at  least  trial  appli- 
melted  all  round  its  surface,  and  cannot  possibly,  or  rather  cannot  raised  and 

rGmovGcl 

with  any  probability,  be  supposed  to  have  been  ever  a  uniformly 
heated  solid,  7000"  Fahr.  warmer  than  our  present  surface 
temperature,  as  assumed  in  the  mathematical  problem ;  and  (2) 
JSTo  natural  action  could  possibly  produce  at  one  instant,  and 
maintain  for  ever  after,  a  seven  thousand  degrees'  lowering  of 
the  surface  temperature.  Taking  the  second  objection  first,  I 
answer  it  by  saying,  what  I  think  cannot  be  denied,  that  a  large 
mass  of  melted  rock,  exposed  freely  to  our  air  and  sky,  will,  after 
it  once  becomes  ci'usted  over,  present  in  a  few  hours,  or  a  few 
days,  or  at  the  most  a  few  weeks,  a  surface  so  cool  that  it  can  be 
walked  over  with  impunity.  Hence,  after  10,000  years,  or, 
indeed,  I  may  say  after  a  single  year,  its  condition  will  be  sensibly 
the  same  as  if  the  actual  lowering  of  temperature  exi^erienced  by 
the  surface  had  been  produced  in  an  instant,  and  maintained 
constant  ever  after.  I  answer  the  first  objection  by  saying,  that 
if  experimenters  will  find  the  latent  heat  of  fusion,  and  the  varia- 
tions of  conductivity  and  specific  heat  of  the  earth's  crust  up  to 
its  melting  point,  it  will  be  easy  to  modify  the  solution  given 
above,  so  as  to  make  it  applicable  to  the  case  of  a  liquid  globe 
gradually  solidifying   from  without  inwards,  in  consequence  of 
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heat  conducted  through  the  solid  crust  to  a  cold  external  medium. 
In  the  meantime,  we  can  .see  that  this  modification  will  not  make 
any  considemble  change  in  the  resulting  temperature  of  any 
point  in  the  crust,  unless  the  latent  heat  parted  with  on  solidifi- 
cation proves,  contrary  to  what  we  may  expect  from  analogy,  to 
be  considerable  in  comparison  with  the  heat  that  an  equal  mass 
of  the  solid  yields  in  cooling  from  the  temperature  of  solidifica- 
tion to  the  superficial  temperature.  But,  what  is  more  to  the 
purpose,  it  is  to  be  remarked  that  the  objection,  jilausible  as  it 
appeal's,  is  altogether  fallacious,  and  that  the  problem  solved 
above  corresponds  much  more  closely,  in  all  probability,  with  the 
actual  history  of  the  earth,  than  does  the  modified  problem  sug- 
gested by  the  objection.  The  earth,  although  once  all  melted,  or 
melted  all  round  its  surface,  did,  in  all  probability,  really  become 
a  solid  at  its  melting  temperature  all  through,  or  all  through  the 
outer  layer,  which  had  been  melted ;  and  not  until  the  solidifica- 
tion was  thus  complete,  or  nearly  so,  did  the  surface  begin  to 
cool.  That  this  i.s  the  true  \-iew  can  sc^ircely  be  doubted,  when 
the  following  arguments  are  considered. 

(t.)  In  the  first  place,  we  shall  assume  that  at  one  time  the 
earth  consisted  of  a  solid  nucleus,  covered  all  round  wiih  a  very 
deep  ocean  of  melted  rocks,  and  left  to  cool  by  radiation  into 
space.  This  is  the  condition  that  would  supervene,  on  a  cold 
body  much  smaller  than  the  present  earth  meeting  a  great  number 
of  cool  bodies  still  smaller  than  itself,  and  is  therefore  in  accord- 
ance with  what  we  may  regard  as  a  probable  hypothesis  regarding 
the  earth's  antecedents.  It  includes,  as  a  particular  ca.se,  the 
commoner  supposition,  that  the  earth  was  once  melted  througli- 
out, a  condition  which  might  result  from  the  collision  of  two  nearly 
equal  masses.  But  the  evidence  which  has  convinced  most  geolo- 
gists that  the  earth  had  a  fiery  beginning,  goes  but  a  very  small 
depth  below  the  surface,  and  attords  us  aljsolutely  no  means  of 
distinguishing  between  the  actual  phenomena,  and  those  which 
would  have  resulted  from  either  an  entire  globe  of  liquid  rock, 
or  a  cool  .solid  nucleus  covered  with  litjuid  to  any  depth  exceed- 
ing 50  or  100  miles.  Hence,  irrespectively  of  any  hypothesis 
as  to  antecedents  from  which  the  earth's  initial  fiery  condition 
may  have  followed  by  natural  causes,  and  simply  assuming,  as 
rendered  probable  by  geological  evidence,  that  there  was  at  one 
time  melted  roek  all  over  the  surface,  we  need  not  assume  the 
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depth  of  this  lava  ocean  to  have  been  more  than  50  or  100  miles; 
although  we  need  not  exclude  the  supposition  of  any  gi-eater  depth, 
or  of  an  entire  globe  of  liquid. 

(u.)  In  the  process  of  refrigeration,  the  fluid  must  [as  I  have 
remarked  regarding  the  sun,  in  a  recent  article  in  Alacmillan's 
Magazine  (March,  1862)*,  and  regarding  the  earth's  atmosphere, 
in  a  communication  to  the  Literary  and  Philosophical  Society  of 
Manchester!]  be  brought  by  convection,  to  fulfil  a  definite  law  of  "Co^.Y^.t'^'e 

■i  ^  -i  '  equilibrium 

distribution  of  temperature  which  I  have  called  "convective  equi-  ortempera- 

'  ^        ture "  de- 

librium  of  temperature."     That  is  to  say,  the  temperatures  at  fined: 

different  parts  in  the  interior  must  [in  any  gi-eat  fluid   mass 
which  is  kept  well  stirred]  differ  according  to  the  different  pres- 
sures by  the  difference  of  temperatures  which  any  one  portion 
of  the  liquid  would  present,  if  given  at  the  temperature  and  pres- 
sure of  any  part,  and  then  subjected  to  variation  of  pressure,  but  must  have 
prevented  from  losing  or  gaining  heat.     The  reason  for  this  is  proximately 
the  extreme  slowness  of  true  thermal  conduction ;    and  the  con-  until  solidi- 
sequently  preponderating  influence  of  great  currents  throughout  commenced. 
a  continuous  fluid  mass,  in  determining  the  distribution  of  tem- 
perature through  the  whole. 

(v.)  The  thermo-dynamic  law  connecting  temperature  and 
pressure  in  a  fluid  mass,  not  allowed  to  lose  or  gain  heat,  in- 
vestigated theoretically,  and  experimentally  verified  in  the  cases 
of  air  and  water,  by  Dr  Joule  and  myself ij:,  shows,  therefore, 
that  the  temperature  in  the  liquid  will  increase  from  the  surface 
downwards,  if,  as  is  most  probably  the  case,  the  liquid  contracts 
in  cooling.     On  the  other  hand,  if  the  liquid,  like  water  near  its 
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See  Appendix  E,  below. 

+  Proceedings,  Jan.  1862.  "  On  the  Convective  Equiiibrium  of  Temperature 
in  the  Atmosphere." 

+  Joule,  "  On  the  Changes  of  Temperature  produced  by  the  Rarefaction  and 
Condensation  of  Air,"  Phil.  Mag.  1845.  Thomson,  "On  a  Method  for  Deter- 
mining Experimentally  the  Heat  evolved  by  the  Compression  of  Air  ;"  Dynamical 
Theory  of  Heat,  Part  IV.,  Trans.  R.  S.  E.,  Session  1850-51;  and  reprinted 
Phil.  Mag.  Joule  and  Thomson,  "On  the  Thermal  Effects  of  Fluids  in  Motion," 
Trans.  It,  S.  Loud.,  June  1853  and  June  1854.  Joule  and  Thomson,  "  On  the 
Alterations  of  Temperature  accompanying  Changes  of  Pressure  in  Fluids," 
Proceedings  R.  S.  Land.,  June  1857.  These  articles,  except  the  first  by  Jonle, 
are  all  now  republished  in  Vol.  I.  Arts,  xlviii.  and  xlix.  of  Mathematical  aiid 
Physical  Papers,  by  Sir  W.  Thomson. 

VOL.    II.  31 
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freezing-point,  expands  in  cooling,  the  temperature,  according 
to  the  convective  and  thermo-dynamic  laws  just  stated  (§§  u,  v), 
would  actually  be  lower  at  great  depths  than  near  the  surface, 
even  although  the  liquid  is  cooling  from  the  surface ;  but  there 
would  be  a  vei-y  thin  supei-ficial  layer  of  lighter  and  cooler  liquid, 
losing  heat  by  true  conduction,  until  solidification  at  the  surface 
would  commence. 

(to.)  Again,  according  to  the  thermo-dynamic  law  of  freezing, 
investigated  by  my  brother*.  Professor  James  Thomson,  and 
verified  by  myself  experimentally  for  water +,  the  temperature  of 
solidification  will,  at  great  depths,  because  of  the  great  pressure, 
be  higher  there  than  at  the  surface  if  the  fluid  contracts,  or  lower 
than  at  the  surface  if  it  expands,  in  becoming  solid. 

(x.)  How  the  temperature  of  solidification,  for  any  pressure, 
may  be  related  to  the  coiTCsponding  temperature  of  fluid  con- 
vective equilibrium,  it  is  impossible  to  say,  without  knowledge, 
Avhich  we  do  not  yet  possess,  regarding  the  expansion  with  heat, 
and  the  specific  heat  of  the  fluid,  and  the  change  of  volume,  and 
the  latent  heat  developed  in  the  transition  from  fluid  to  solid. 

(y.)  For  instance,  supposing,  as  is  most  probably  true,  both 
that  the  liquid  contracts  in  cooling  towards  its  freezing-point, 
and  that  it  contracts  in  freezing,  we  cannot  tell,  without  definite 
numerical  data  regarding  those  elements,  whether  the  elevation 
of  the  temperature  of  solidification,  or  of  the  actual  temi>erature 
of  a  portion  of  the  fluid  given  just  above  its  freezing-point,  pro- 
duced by  a  given  application  of  pressure  is  the  gi-eater.  If  the 
former  is  greater  than  the  latter,  solidification  would  commence 
at  the  bottom,  or  at  the  centre,  if  there  is  no  solid  nucleus  to 
begin  with,  and  would  proceed  outwards ;  and  there  could  be  no 
complete  permanent  incrustation  all  round  the  surface  till  the 
whole  globe  is  solid,  with,  possibly,  the  exception  of  irregular, 
comparatively  small  spaces  of  liquid. 

(s.)  If,  on  the  contrary,  the  elevation  of  temperature,  produced 


•  "Theoretical  Cousiderations  regarding  the  Effect  of  Pressure  in  lowering 
the  Freezing-point  of  "Water,"  Trarif.  R.  S.  E.,  Jan.  1B49.  Republished  by 
permission  of  the  author,  in  Vol.  I.  (pp.  156— 1C4)  of  Matliematical  and  Phy. 
ileal  Papert,  by  Sir  W.  Thomson,  1882. 

+  Proceedings  R.  S.  E.,  Session  1849-50.  Mathematical  and  Physical  Papers, 
by  Sir  W.  Thomson,  1882,  p.  165. 
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by  aa  application  of  pressure  to  a  given  portion  of  the  fluid,  is 
gi-eater  tlian  the  elevation  of  the  freezing  temperature  produced 
by  the  same  amount  of  pressure,  the  superficial  layer  of  the  fluid 
wo\ild  be  the  fii'st  to  reach  its  freezing-point,  and  the  first  actually 
to  freeze. 

(aa.)  But  if,  according  to  the  second  supposition  of  §  v,  the 
liquid  expanded  in  cooling  near  its  freezing-point,  the  solid  would 
probably  likewise  be  of  less  specific  gravity  than  the  liquid  at  its 
freezing-point.  Hence  the  surface  would  crust  over  permanently 
with  a  crust  of  solid,  constantly  increasing  inwards  by  the  freez- 
ing of  the  interior  fluid  in  consequence  of  heat  conducted  out 
through  the  crust.  The  condition  most  commonly  assumed  by 
geologists  would  thus  be  produced, 

{hb.)    But  Bischof's  experiments,  upon  the  validity  of  which,  Importance 

as  far  as  I  am  aware,  no  doubt  has  ever  been  thrown,  show  that  mental  in- 
vestigation 
melted  granite,  slate,   and   trachyte,  all  contract  by  something  of  contrao- 

^°  '         .     '  .  _;^     ',.-,•'    ,  '^tionorex- 

about  20  per  cent,  m  freezing.    We  ought,  indeed,  to  have  more  pansion  of 

•         1       1  -c    T-»-  m    melted 

experiments  on  this  most  important  point,  both  to  verify  Bischof  s  rocks  in 
results  on  rocks,  and  to  learn  how  the  case  is  with  iron  and  other  tion. 
unoxydised  metals.    In  the  meantime  we  must  consider  it  as  pro- 
bable that  the  melted  substance  of  the  earth  did  really  contract 
by  a  very  considerable  amount  in  becoming  solid. 

{cc.)  Hence  if,  according  to  any  relations  whatever  among  the 
complicated  physical  circumstances  concerned,  freezing  did  really 
commence  at  the  surface,  either  all  round  or  in  any  part,  before 
the  whole  globe  had  become  solid,  the  solidified  superficial  layer 
must  have  broken  up  and  sunk  to  the  bottom,  or  to  the  centre, 
before  it  could  have  attained  a  sufficient  thickness  to  rest  stably 
on  the  lighter  liquid  below.     It  is  quite  clear,  indeed,  that  if  at  Bischof's 
any  time  the  earth  were  in  the  condition  of  a  thin  solid  shell  of,  provin™ 
let  us  suppose  50  feet  or  100  feet  thick  of  granite,  enclosing  a  mak™ft'°'' 
continuous  melted  mass  of  20  per  cent,  less  specific  gravity  in  its  umtthe" 
upper  parts,  where  the  pressure  is  small,  this  condition  cannot  never al^^ 
have  lasted  many  minutes.    The  rigidity  of  a  solid  shell  of  super-  c'^fuu" 
ficial  extent  so  vast  in  compai-ison  with  its  thickness,  must  be  as  uorfwa^' 
nothing,  and  the  slightest  disturbance  would  cause  some  part  to  ^mp'/eTe*^'^ 
bend  down,  crack,  and  allow  the  liquid  to  run  out  over  the  whole  [^^HSl^  '''^ 
solid.     The  crust  itself  would  in  consequence  become  shattered 
into  fragments,  which  must  all  sink  to  the  bottom,  or  meet  in 

31—2 
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the  centre  and  form  a  nucleus  there  if  there  is  none  to  begin 
with. 

{(/d.)  It  is,  however,  scarcely  j)Ossible,  that  any  such  continuous 
crust  can  ever  have  fonned  all  over  the  melted  surface  at  one 
time,  and  afterwards  have  fallen  in.  The  mode  of  solididcation 
conjectured  in  §  i/,  seems  on  the  whole  the  most  consistent  with 
what  we  know  of  the  physical  properties  of  the  matter  concerned. 
So  far  as  regards  the  result,  it  agrees,  I  believe,  with  the  view 
adopted  as  the  most  probable  by  Mr  Hopkins*.  But  whether 
from  the  condition  being  rather  that  described  in  §  2,  which 
seems  also  possible,  for  the  whole  or  for  some  parts  of  the  hetero- 
geneous substance  of  the  earth,  or  from  the  viscidity  as  of  mortar, 
which  necessarily  supervenes  in  a  melted  fluid,  composed  of  in- 
gredients becoming,  as  the  whole  cools,  sepanited  by  crystallizing 
at  different  temperatures  before  the  solidification  is  i^erfeet,  and 
which  we  actually  see  in  lava  from  modem  volcanoes;  it  is  pro- 
bable that  when  the  whole  globe,  or  some  veiy  thick  superficial 
layer  of  it,  still  liquid  or  viscid,  has  cooled  down  to  near  its  tem- 
perature of  perfect  solidification,  incrustation  at  the  surface  must 
commence. 

(ee.)  It  is  probable  that  crust  may  thus  form  over  wide  extents 
of  surface,  and  may  be  temporarily  buoyed  up  by  the  vesicular 
chai'acter  it  may  have  retained  from  the  ebullition  of  the  liquid 
in  some  places,  or,  at  all  events,  it  may  be  held  up  by  the 
viscidity  of  the  liquid  ;  until  it  has  acquired  some  considerable 
thickness  sufficient  to  allow  gravity  to  manifest  its  claim,  and 
sink  the  heavier  solid  below  the  lighter  liquid.  Tliis  process 
must  go  on  until  the  sunk  portions  of  crust  build  up  from  tlie 
bottom  a  sufficiently  close  ribbed  solid  skeleton  or  frame,  to  allow 
fi*esh  incrustations  to  remain  bridging  across  the  now  small  areas 
of  lava  pools  or  lakes. 

Prohnhio  (J^)  I^  the  houey-combed  solid  and  liquid  mass  thus  formed, 

voirnno  there  must  be  a  continual  tendency  for  the  liquid,  in  consequence 

qlmk^"*'  of  its  less  specific  gravity,  to  work  its  way  up  ;  whether  by  masses 

of  solid  falling  from  the  roofs  of  vesicles  or  tunnels,  and  causing 

earthquake  shocks,  or  by  the  roof  breaking  quite  through  when 

very  thin,  so  as  to  cause  two  such  hollows  to  unite,  or  the  liquid  of 

•  See  his  report  on  "  Earthquakes  aud  Yolcanio  Action."    British  Associa- 
tion Report  for  1847. 
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any  of  them  to  flow  out  freely  over  the  outer  surface  of  the  earth : 
or  by  gradual  subsidence  of  the  solid,  owing  to  the  thermo- 
dynamic melting,  which  portions  of  it,  under  intense  stress,  must 
experience,  according  to  views  recently  published  by  Professor 
James  Thomson*.  The  results  which  must  follow  from  this 
tendency  seem  suificiently  great  and  various  to  account  for  all 
that  we  see  at  present,  and  all  that  we  learn  from  geological 
investigation,  of  earthquakes,  of  upheavals,  and  subsidences  of 
njolid,  and  of  eruptions  of  melted  rock. 

(gg.)  These  conclusions,  drawn  solely  from  a  consideration  of 
the  necessary  order  of  cooling,  and  consolidation,  according  to 
Bischof 's  result  as  to  the  relative  specific  gravities  of  solid  and 
of  melted  rock,  are  in  perfect  accordance  with  §§  832... 848, 
regarding  the  preseut  condition  of  the  earth's  interior, — that  it 
is  not,  as  commonly  supposed,  all  liquid  within  a  thin  solid  crust 
of  from  30  to  100  miles  thick,  but  that  it  is  on  the  whole  more 
rigid  certainly  than  a  continvious  solid  globe  of  glass  of  the  same 
diameter,  and  probably  than  one  of  steel. 


(E.)     On  THE  Age  of  the  Sux's  HEATt. 

The  second  great  law  of  Thermodynamics  involves  a  certain 
principle  of  irreversible  action  in  nature.  It  is  thus  shown  that, 
although  mechanical  energy  is  indestructible,  there  is  a  universal 
tendency  to  its  dissipation,  which  produces  gradual  augmentation  Dissipation 
and  diffusion  of  heat,  cessation  of  motion,  and  exhaustion  of  °  ^  ' ' 
potential  energy  through  the  material  universe  J.  The  result 
would  inevitably  be  a  state  of  universal  rest  and  death,  if  the 
universe  were  finite  and  left  to  obey  existing  laws.  But  it  is 
impossible  to  conceive  a  limit  to  the  extent  of  matter  in  the 
universe ;  and  therefore  science  points  rather  to  an  endless 
progress,  through  an  endless  space,  of  action  involving  the  trans- 

*  Proceedings  of  the  Royal  Society  of  London,  1861,  "On  Crystallization 
and  Liquefaction  as  influenced  by  Stresses  tending  to  Change  of  Form  in 
Crystals." 

t  From  Macmillan's  Magazine,  March  1862. 

+  See  Proceedings  E.S.E.  Feb.  1852,  or  Phil.  Mag.  1853,  first  half  year,  "On 
a  Universal  Tendency  in  Nature  to  the  Dissipation  of  Mechanical  Energy." 
Math,  and  Phys.  Papers,  by  Sir  W.  Thomson,  1882,  Art.  lix. 
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formation  of  potential  energy  into  palpable  motion  and  thence 
into  heat,  than  to  a  single  finite  mechanism,  running  down  like 
a  clock,  and  stopping  for  ever.  It  is  also  impossible  to  conceive 
either  the  beginning  or  the  continuance  of  life,  without  an 
overruling  creative  power;  and,  therefore,  no  conclusions  of 
dynamical  science  regarding  the  future  condition  of  the  earth, 
can  be  held  to  give  dispiriting  views  as  to  the  destiny  of  the 
race  of  intelligent  beings  by  which  it  is  at  present  inhabited. 

The  object  proposed  in  the  present  article  is  an  applittition  of 
these  general  piinciples  to  the  discovery  of  probable  limits  to 
the  periods  of  time,  past  and  future,  during  which  the  sun  can 
be  reckoned  on  as  a  source  of  heat  and  light.  The  subject  will 
be  discussed  under  three  heads  : — 

I.  The  secular  cooling  of  the  sun. 

II.  The  present  temperature  of  the  sun. 

III.  The  origin  and  total  amount  of  the  sun's  heat. 


PART   I. 


ON   THE   SECULAR   COOLIKO   OP   THE   SUN. 


Rate  of 

cooling  ot 
sun  un- 
known. 


Ho«»  vene- 
rated ny  fall 
of  meteors 
into  the  sun 


How  much  the  sun  is  actually  cooled  from  year  to  year,  if  at 
all,  we  have  no  means  of  ascertaining,  or  scarcely  even  of  estimate 
in<'  in  the  roughest  manner.  In  the  firet  place  we  do  not  know 
that  he  is  losing  heat  at  all.  For  it  is  quite  certain  that  so7;uj 
hecU  is  generated  in  his  atmospliere  by  the  influx  of  meteoric 
matter ;  and  it  is  possible  that  the  amount  of  heat  so  generated 
from  year  to  year  is  sufficient  to  compensate  the  loss  by  radia- 
tion. It  is,  however,  also  possible  that  the  sun  is  now  an  incan- 
descent liquid  mass,  radiating  away  heat,  either  primitively 
created  in  his  substance,  or,  what  seems  far  more  probable, 
generated  by  the  falling  in  of  meteors  in  past  times,  with  no 
sensible  compensation  by  a  continuance  of  meteoric  action. 

It  has  been  shown*  that,  if  the  former  supposition  were  true, 
the  meteors  by  which  the  sun's  heat  would  have  been  produced 
during  the  last  2,000  or  3,000  years  must  have  been  during  all 

•  *'  On  the  Mechanical  Energies  of  the  Solar  System."  Transaction*  of  the 
Roiial  Society  of  Edinburgh,  1854,  and  Phil.  Mag.  1854,  second  half-year.  Math, 
and  Phys.  Papers,  by  Sir  W.  Thomson  (Art.  lxvi.  of  Vol.  11.  now  in  the  press). 
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that  time  much  within  the  earth's  distance  fx'om  the  sun,  and 
must  therefore  have  approached  the  central  body  in  very  gradual 
spirals ;  because,  if  enough  of  matter  to  produce  the  supposed 
thermal  effect  fell  in  from  space  outside  the  earth's  orbit,  the 
length  of  the  year  would  have  been  very  sensibly  shortened  by 
the  additions  to  the  sun's  mass  which  must  have  been  made. 
The  quantity  of  matter  annually  falling  in  must,  on  tliat  insufflcient 
supposition,  have  amounted  to  -^  of  the  earth's  mass,  or  to  supply, 
17.000.000  "^  *^^®  sun's ;  and  therefore  it  would  be  necessary  to 
suppose  the  zodiacal  light  to  amount  to  at  least  -g-jjViy  ^^  ^^^ 
sun's  mass,  to  account  in  the  same  way  for  a  future  supply  of 
3,000  years'  sun-heat.  When  these  conclusions  were  first 
published  it  was  pointed  out  that  "  disturbances  in  the  motions 
of  visible  planets"  should  be  looked  for,  as  affording  us  means 
for  estimating  the  possible  amount  of  matter  in  the  zodiacal 
light ;  and  it  was  conjectured  that  it  could  not  be  nearly  enough 
to  give  a  supply  of  300,000  years'  heat  at  the  present  rate. 
These  anticipations  have  been  to  some  extent  fulfilled  in  Le 
Terrier's  great  researches  on  the  motion  of  the  planet  Mercury, 
which  have  recently  given  evidence  of  a  sensible  influence 
attributable  to  matter  circulating  as  a  great  number  of  small 

i)lanets  within  his   orbit  round  the  sun.     But  the  amount  of  because  the 

.  IIP  •/.     1      matter  in 

matter   thus   indicated   is  very  small;    and,   therefore,   if  the  zodiacal 

.  liirht  and 

meteoric  influx  taking'  place  at  present  is  enough  to  produce  intra-mer- 
any  appreciable  portion  of  the  heat  radiated  away,  it  must  be  planets  is 
supposed  to  be  from  matter  circulating  round  the  sun,  within  smalL 
very  short  distances  of  his  surface.     The  density  of  this  meteoric 
cloud  would  have  to  be  supposed  so  great  that  comets  could 
scarcely  have  escaped,  as  comets  actually  have  escaped,  showing 
no  discoverable  effects  of  resistance,  after  passing  his   sui-face 
within  a  distance  equal   to  ^  of  his  radius.     All  things  con- 
sidered,  there  seems  little  probability  in  the   hypothesis  that 
solar  radiation  is  compensated,  to  any  appreciable  degree,  by 
heat  generated  by  meteors  falling  in,  at  present;  and,  as  it  can 
be  shown  that  no  chemical  theory  is  tenable*   it  must  be  con-  The  sun  an 

iucaii- 

cluded  as  most  probable  that  the  sun  is  at  present  merely  an  descent 
incandescent  liquid  mass  cooling.  mass." 

How  much  he  cools  from  year  to  year,  becomes  therefore  a 
*  «'  Mechanical  Energies,"  &c.  referred  to  above. 
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question  of  very  serious  import,  but  it  is  one  which  we  are  at 
])resent  quite  unable  to  answer.  It  is  true  we  have  data  on 
which  we  might  plausibly  found  a  probable  estimate,  and  from 
which  we  might  deduce,  with  at  first  sight  seemingly  well 
founded  confidence,  limits,  not  very  wide,  within  which  the 
present  true  rate  of  the  sun's  cooling  must  lie.  For  we  know, 
from  the  independent  but  concordant  investigations  of  Herschel 
and  Pouillet,  that  the  sun  radiates  every  year  from  hLs  whole 
surface  about  6  x  10^°  (six  million  million  million  million  million) 
times  as  much  heat  as  is  sufficient  to  raise  the  temperature  of 
1  lb.  of  water  by  1°  Cent.  We  also  have  excellent  reason  for 
believing  that  the  sun's  substance  is  very  much  like  the  earth's. 
Stokes's  principles  of  solar  and  stellar  chemistry  have  been  for 
many  years  explained  in  the  University  of  Glasgow,  and  it  has 
been  tauglit  as  a  first  result  that  sodium  does  certainly  exist  in 
the  sun's  atmosphere,  and  in  the  atmospheres  of  many  of  the 
stars,  but  that  it  is  not  discoverable  in  others.  The  recent 
application  of  these  pi-inciples  in  the  splendid  researches  of 
Bunsen  and  Kirchhof  (who  made  an  independent  discovery  of 
Stokes's  theory)  has  demonstrated  with  equal  certainty  that 
there  are  iron  and  manganese,  and  several  of  our  other  known 
metals,  in  the  sun.  The  specific  heat  of  each  of  these  substances 
is  less  than  the  specific  heat  of  water,  which  indeed  exceeds  that 
of  every  other  kno^^^l  terrestrial  body,  solid  or  liquid.  It  might, 
therefore,  at  first  sight  seem  probable  that  the  mean  8j)ecific 
heat*  of  the  sun's  whole  substance  is  less,  and  very  certain  that 
it  cannot  be  much  greater,  than  that  of  water.  If  it  were  equal 
to  the  specific  heat  of  water  we  should  only  have  to  divide  the 
preceding  number  (6  x  10*"),  derived  from  Herschel's  and 
Pouillet's  observations,  by  the  number  of  pounds  (4-23  x  10**)  in 
the  sun's  mass,  to  find  V'i  Cent,  for  the  present  annual  rate  of 

•  The  "specific  heat"  of  a  homogeneous  body  is  the  quantity  of  heat  that 
a  unit  of  its  substance  must  acquire  or  must  part  with,  to  rise  or  to  fall  by  1"  in 
temperature.  The  mean  specific  heat  of  a  heterogeneous  mass,  or  of  a  mass  of 
homogeneous  substance,  under  different  pressures  in  different  parts,  is  tlie 
quantity  of  heat  which  the  whole  body  takes  or  gives  in  rising  or  in  falling 
1'  in  temperature,  divided  by  the  number  of  units  in  its  mass.  The  e&pression, 
"mean  specific  heat"  of  the  sun,  in  the  text,  signifies  the  total  amount  of  heat 
actually  radiated  away  from  the  sun,  divided  by  his  mass,  during  any  time  in 
which  the  average  temperature  of  his  mass  sinks  by  1",  whatever  physical  or 
chemical  changes  any  part  of  his  substance  may  experience. 
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cooling.  It  might  therefore  seem  probable  that  the  sun  cools 
move,  and  almost  certain  that  he  does  not  cool  less,  than  a  centi- 
grade degree  and  four-tenths  annually.  But,  if  this  estimate 
were  well  founded,  it  would  be  equally  just  to  assume  that  the  and  smaU- 
sun's  expansibility*  with  heat  does  not  differ  greatly  from  that  pansibility 
of  some  average  terrestrial  body.  If,  for  instance,  it  were  the 
same  as  that  of  solid  glass,  which  is  about  ^()lo(y  of  bulk, 
or  y^xtWd-  of  cliameter,  per  T  Cent,  (and  for  most  terrestrial 
liquids,   especially   at   high    temperatures,  the    expansibility  is 

much  more),  and  if  the  specific  heat  were  the  same  as  that  of  rendered 

''  ^     ,  •  /.  probable  by 

liquid  water,  there  would  be  in  860  years  a  contraction  of  one  absence  of 

1-1  sensible 

per   cent,    on  the   sun's   diameter,  which  could  scarcely  have  contraction 
escaped  detection  by  astronomical  observation.     There  is,  how-  diameter, 
ever,  a  far  stronger  reason  than  this  for  believing  that  no  such 
amount  of  contraction  can  have  taken  place,  and  therefoi'e  for 
suspecting  that  the  physical  circumstances  of  the   sun's  mass 
render  the  condition  of  the  substances  of  which  it  is  composed, 
as  to  expansibility  and  specific  heat,  very  diflferent  from  that  of 
the  same  substances  when  experimented  on  in  our  terrestrial 
laboratories.     Mutual  gravitation  between  the  different  parts  of 
the  sun's  contracting  mass  must  do  an  amount  of  work,  which  can- 
not be  calculated  with  certainty,  only  because  the  law  of  the  sun's 
interior  density  is  not  known.     The  amount  of  work  performed  work  done 
during  a  contraction  of  one-tenth  per  cent,  of  the  diameter,  if  tion  of  solar 
the  density  remained  uniform  through  the  interior,  would,  as    'I'^^may  ^ 
Helmholtz  showed,  be  equal  to   20,000  times  the  mechanical  f^p^pl^f^or 
equivalent  of  the  amount  of  heat  which  Pouillet  estimated  to  .^A^^pars. 
be  radiated  from  the  sun  in  a  yeai".     But  in  reality  the  sun's 
density  must  increase  very  much  towards  his  centre,  and  pro- 
bably in  varying  proportions,  as  the  temperature  becomes  lower 
and    the   whole    mass    contracts.      We    cannot,    therefore,    say 
whether  the  work  actually  done  by  mutual  gravitation  during  a 
contraction  of  one-tenth  per  cent,  of  the  diameter,  would  be 

•  The  "  expansibility  in  volume,"  or  the  ''  cubical  expansibility,"  of  a  body, 
is  an  expression  technically  used  to  denote  the  proportion  which  the  increase  or 
diminution  of  its  bulk,  accompanying  a  rise  or  fall  of  1"  in  its  temperature, 
bears  to  its  -whole  bulk  at  some  stated  temperature.  The  expression,  "  the  sun's 
expansibility,"  used  in  the  text,  may  be  taken  as  signifying  the  ratio  which  the 
actual  contraction,  during  a  lowering  of  his  mean  temperature  by  1"  Cent., 
bears  to  his  present  volume. 
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more  or  less  than  the  equivalent  of  20,000  years'  heat ;  but  we 
may  regard  it  as  most  probably  not  many  times  more  or  less 
than  this  anjount.  Now,  it  is  in  the  highest  degree  improVjable 
that  mechanical  energy  can  in  any  case  increase  in  a  body  con- 
tractinjr  in  virtud  of  cooling.  It  is  certain  that  it  reallv  does 
diminish  very  notably  in  every  case  hitherto  experimented  on. 
It  must  be  supposed,  therefore,  that  the  sun  always  radiates 
away  iu  heat  something  more  than  the  Joule-equivalent  of  the 
work  done  on  his  contracting  mass,  by  mutual  gravitation  of  its 
parts.  Hence,  in  contracting  by  one-tenth  per  cent,  in  his 
diameter,  or  three-tenths  per  cent,  in  his  bulk,  the  sun  mxist 
give  out  something  either  more,  or  not  greatly  less,  than  20,000 
years'  heat ;  and  thus,  even  without  historical  evidence  as  to  the 
constancy  of  his  diameter,  it  seems  safe  to  conclude  that  no  such 
contraction  as  that  calculated  above  one  per  cent,  in  860  years 
can  have  taken  place  iu  reality.  It  bcems,  on  the  contrary, 
probable  that,  at  the  present  rate  of  itidiatiou,  a  contraction  of 
one-tenth  per  cent,  in  the  sun's  diameter  could  not  take  place  in 
much  less  than  20,000  yeai-s,  and  scarcely  possible  that  it  could 
take  place  in  less  than  8,600  years.  If,  then,  the  mean  specific 
heat  of  the  sun's  mass,  in  its  actual  condition,  is  not  more  than 
ten  times  that  of  water,  the  expansibility  in  volume  must  be 
less  than  iq\q  per  100"  Cent.,  (that  is  to  say,  less  than  .j^  of 
that  of  solid  glass,)  which  seems  improbable.  But  although 
from  this  consideration  we  are  led  to  regard  it  as  probable  that 
the  sun's  specific  heat  is  considerably  more  than  ten  times  that 
of  water  (and,  therefore,  that  his  mass  cools  considerably  less 
than  100"  in  700  years,  a  conclusion  which,  indeed,  we  could 
scarcely  avoid  on  simply  geological  grounds),  the  physical  prin- 
ciples we  now  rest  on  fail  to  give  us  any  reason  for  supposing 
that  the  sun's  specific  heat  is  more  than  10,000  times  that  of 
watt>r,  beciuise  we  c.annot  say  that  his  expansibility  in  volume  ia 
j>robably  more  than  ^g-  per  1°  Cent.  And  there  is,  on  other 
grounds,  very  strong  reason  for  believing  that  the  specific  heat 
is  really  much  less  than  10,000.  For  it  is  almost  certain  that 
the  sun's  mean  temperature*  is  even  now  as  high  as  14,000" 

*  [Kosetti  (Phil.  Mag.  1879,  2ud  half  year)  estimates  the  effective  radiational 
temperature  of  the  sun  as  "not  much  less  than  ten  thousand  degrees  Centigrade: " 
(9966"  is  the  number  expressing  the  results  of  his  measurements).  On  the  other 
hand,  C.  W.  Siemens  estimates  it  at  as  low  as  3000"  Cent.     The  mean  tem- 
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Cent. ;  and  the  greatest  quantity  of  lieat  that  we  can  explain, 
with  any  probability,  to  have  been  by  natural  causes  ever 
acquired  by  the  sun  (as  we  shall  see  in  the  third  part  of  this 
article),  could  not  have  raised  his  mass  at  any  time  to  this  tem- 
perature, unless  his  specific  heat  were  less  than  10,000  tidies  ^""'^j-^^  ,^^j^^ 
that  of  water.  probably 

_^  between  10 

We  may  therefore  consider  it   as   rendered  hishlv  probable  '^P'^  ^^'?^^ 

•'  _  _  b     J     L  times  that 

that  the  sun's  specific  heat  is  more  than  ten  times,  and  less  than  °^Y^'?,''; 

^  '  and  fall  of 

10,000  times,  that  of  liquid  water.     From  this  it  would  follow  tempera- 

.  ^  .  turelOO" 

with  certainty  that  his  temperature  sinks  100°  Cent,  in  some  Cent,  in 

"^  '■  from  700  to 

time  from  700  years  to  700,000  years.  700,000 

years. 

PART  IT. 

ON    THE    sun's    PRKSENT    TEMPERATURE. 

At  his  surface  the  sun's  temperature  cannot,  as  we  have 
many  reasons  for  believing,  be  incomparably  higher  than  tem- 
peratures attainable  artificially  in  our  terrestrial  laboratories. 

Among   other   reasons   it  may   be   mentioned   that   the   sun  sun's 
radiates   heat,  from   every  square   foot  of  his  surface,  at  only  tempera"' 
about  7,000  horse  power*.     Coal,  burning  at  a  rate  of  a  little  pSiT' 
less  than  a  pound  per  two  seconds,  would  generate  the  same  ^ay  be*^** 
amount;  and  it  is  estimated  (Rankine,  '  Prime  Movers,'  p.  285,  produced^ 
Ed.  1859)  that,  in  the  furnaces  of  locomotive  engines,  coal  burns 
at  from  one  pound  in  thirty  seconds  to  one  pound  in  ninety 
seconds,  per  square  foot  of  grate-bars.     Hence  heat  is  radiated 
from  the  sun  at  a  rate  not  more  than  from  fifteen  to  forty-five 
times  as  high  as  that  at  which  heat  is  generated  on  the  grate- 
bars  of  a  locomotive  furnace,  per  equal  areas. 

perature  of  the  whole  sun's  mass  must  (Part  11.  below)  be  much  higher  than  the 
•'  surface  temperature,"  or  "  effective  radiational  temperature." — W.  T.  Nov.  9, 
1882.] 

*  One  horse  power  in  mechanics  is  a  technical  expression  (following  Watt's 
estimate),  used  to  denote  a  rate  of  working  in  which  energy  is  evolved  at  the 
rate  of  33,000  foot  pounds  per  minute.  This,  according  to  Joule's  determination 
of  the  dynamical  value  of  heat,  would,  if  spent  wholly  in  heat,  be  sufficient  to 
raise  the  temperature  of  23f  lbs.  of  water  by  i"  Cent,  per  minute. 

[Note  of  Nov.  11,  1882.  This  is  sixty-seven  times  the  rate  per  unit  of 
radiant  surface  at  which  energy  is  emitted  from  the  incandescent  filament  of 
the  Swan  electric  lamp  when  at  the  temperature  which  gives  about  240  candles 
per  horse  power.] 
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The  interior  temperature  of  the  uun  is  probably  far  higher  than 
that  at  his  surface,  because  direct  condiictiou  can  play  no  sensi- 
ble part  in  the  transference  of  heat  between  the  inner  and  outer 
portions  of  his  muss,  and  there  must  in  virtue  of  the  prodigious 
convective  currents  due  to  cooling  of  the  outermost  poilions  by 
radiation  into  space,  be  an  approximate  convective  equilibrium 
of  heat  throughout  the  whole,  if  the  whole  is  fluid.  That  is  to 
say,  the  temperatures,  at  different  distances  from  the  centre, 
must  be  approximately  those  which  any  portion  of  the  substance, 
if  carried  from  the  centre  to  the  surface,  would  acquire  by  ex- 
jjausion  without  loss  or  gain  of  heat. 


PART   III. 


ON   THE    ORIGIN    AND    TOTAL   AMOUNT   OF   THE   SUN's    HEAT. 


Solnr  heat 
must  arise 
from  con- 
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enerny. 


The  sun  being,  for  reasons  referred  to  above,  assumed  to  be 
nn  incandescent  liquid  now  losing  heat,  the  question  naturally 
occurs,  How  did  this  heat  originate  1  It  is  certain  that  it  can- 
not have  existed  in  the  sun  through  an  infinity  of  past  time, 
since,  as  long  as  it  has  so  existed,  it  must  have  been  suffering 
dissipation,  and  the  (initeness  of  the  sun  precludes  the  supposi- 
tion of  an  infinite  primitive  store  of  heat  in  his  body. 

The  sun  must,  therefore,  either  have  been  created  an  active 
source  of  heat  at  some  time  of  not  immeasurable  antiquity,  by  an 
over-ruling  decree  ;  or  the  heat  which  he  has  already  radiated 
away,  and  that  which  he  still  possesses,  must  have  been  acquired 
by  a  natural  process,  following  j)ermanontly  established  laws. 
Without  pronouncing  the  former  siipi)<)ftition  to  be  essentially 
incredible,  we  may  safely  say  that  it  is  in  the  highest  degree 
improbable,  if  we  can  show  the  latter  to  be  not  contradictory  to 
known  physical  laws.  And  we  do  show  this  and  more,  by 
merely  pointing  to  certain  actions,  going  on  before  us  at  present, 
which,  if  sufficiently  abundant  at  some  past  time,  must  have 
given  the  sun  heat  enough  to  account  for  all  we  know  of  his 
past  radiation  and  present  temperature. 

It  is  not  necessary  at  present  to  enter  at  length  on  details 
regarding  the  meteoric  theory,  which  appears  to  have  been  first 
proposed  in  a  definite  form  by  flayer,  and  afterwards  indepen- 
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dently  by  "Waterston ;  or  regarding  the  modified  hypothesis  of 
meteoric  vortices,  which  the  writer  of  the  present  ai'ticle  showed 
to  be  necessary,  in  order  that  the  length  of  the  year,  as  known 
for  the  last  2,000  years,  may  not  have  been  sensibly  disturbed 
by  the  accessions  which  the  sun's  mass  must  have  had  during 
that  period,  if  the  heat  radiated  away  has  been  always  compen- 
sated by  heat  generated  by  meteoric  influx. 

For  the  reasons  mentioned  in  the  first  part  of  the  present 
article,  we  may  now  believe  that  all  theories  of  complete,  or 
nearly  complete,  contemporaneous  meteoric  compensation,  must 
be  rejected ;  but  we  may  still  hold  that — 

'''' Meteoric  action.  .  . .  is  . .  . .  not  only  proved  to  exist  as  a 
cause  of  solar  heat,  hut  it  is  the  only  one  of  all  conceivable  causes 
which  we  know  to  exist  froDi  independent  evidence'''.^'' 

The  form  of  meteoric  theory  which  now  seems  most  proba- 
ble, and  which  was  first  discussed  on  true  thermodynamic  prin- 
ciples by  Helmhohzt,  consists  in  supposing  the  sun  and  his  heat 
to  have  originated  in  a  coalition  of  smaller  bodies,  falling  to- 
gether by  mutual  gravitation,  and  generating,  as  they  must  do 
according  to  the  great  law  demonstrated  by  Joule,  an  exact 
equivalent  of  heat  for  the  motion  lost  in  collision. 

That  some  form  of  the  meteoric  theory  is  certainly  the  true 
and  complete  explanation  of  solar  heat  can  scarcely  be  doubted, 
when  the  followins;  reasons  are  considered  : 


"O 


(1)  No  other  natui'al  explanation,  except  by  chemical  action.  Chemical 
can  be  conceived.  sufficient, 

but  meteo- 

(2)  The   chemical  theory  is  quite    insufficient,  because  the  may  easily 
most  energetic  chemical  action  we  know,  taking  place  between  for'2o'miN* 
substances  amounting  to  the  whole  sun's  mass,  would  only  gene-  '°°  J'^'""*- 
rate  about  3,000  years'  heat|. 

(3)  There  is  no  difficulty  in  accounting  for  20,000,000  years' 
heat  by  the  meteoric  theory. 

*  "Mechanical  Energies  of  the  Solar  System,"  referred  to  above, 
t  Popular  lecture  delivered  on  the  7th  Februarj',  1854,  at  Konigsberg,  on  the 
occasion  of  the  Kant  commemoration. 

+  "  Mechanical  Energies  of  the  Solar  System." 
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It  would  extend  this  article  to  too  great  a  length,  and  would 
require  something  of  mathematical  calculation,  to  explain  fully 
the  principles  on  which  this  last  estimate  is  founded.  It  is 
enough  to  say  that  bodies,  all  much  smaller  than  the  sun,  fall- 
ing together  from  a  state  of  relative  rest,  at  mutual  distances  all 
large  in  comparison  with  their  diameters,  and  forming  a  globe 
of  unifonn  density  equal  in  mass  and  diameter  to  the  sun,  would 
generate  an  amount  of  Reat  which,  accurately  calculated  accord- 
ing to  Joule's  principles  and  experimental  results,  is  found  to  be 
just  20,000,000  times  Pouillet's  estimate  of  the  annual  amount 
of  solar  radiation.  The  sun's  density  inu.st,  in  all  probability, 
increase  very  much  towards  his  centre,  and  therefore  a  consider- 
ably greater  amount  of  heat  than  that  must  be  supposed  to  have 
been  generated  if  his  whole  mass  was  formed  by  the  coalition  of 
comparatively  small  bodies.  On  the  other  hand,  we  do  not 
know  how  much  heat  may  have  been  dissipated  by  resistance 
and  minor  impacts  before  the  final  conglomeration ;  but  there  is 
reason  to  believe  that  even  the  niost  rapid  conglomeration  that 
we  can  conceive  to  have  probably  taken  place  could  only  leave 
the  finished  globe  with  about  half  the  entire  heat  due  to  the 
amount  of  potential  energy  of  mutual  gravitation  exhausted. 
We  may,  therefore,  accept,  as  a  lowest  estimate  for  the  sun's 
initial  heat,  10,000,000  times  a  year's  supply  at  present  rate, 
but  50,000,000  or  100,000,000  as  possible,  in  consequence  of 
the  sun's  greater  density  in  his  central  parts. 

The  considerations  adduced  above,  in  this  pa])er,  regarding 
the  sun's  possible  specific  heat,  rate  of  cooling,  and  suj)ei^cial 
temperature,  render  it  probable  that  he  must  have  been  very 
sensibly  warmer  one  million  years  ago  than  now ;  and,  conse- 
quently, that  if  he  has  existed  as  a  luminary  for  ten  or  twenty 
million  years,  he  must  have  radiated  away  considerably  more 
than  ten  or  twenty  million  times  the  present  yearly  amount 
of  loss. 

It  seems,  therefore,  on  the  whole  most  probable  that  the  sun 
has  not  illuminated  the  earth  for  100,000,000  years,  and  almost 
certain  that  he  has  not  done  so  for  500,000,000  ye^rs.  As  for 
the  future,  we  may  say,  with  equal  certainty,  that  inhabitants 
of  the  earth  cannot  continue  to  enjoy  the  light  and  heat  essential 
to  their  life,  for  many  million  years  longer,  unless  sources  now 
unknown  to  us  are  prepared  in  the  great  storehouse  of  creation. 
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(F.) — On  the  Size  of  Atoms*. 

The  idea  of  an  atom  has  been,  so  constantly  associated 
with  incredible  assumptions  of  infinite  strength,  absolute 
rigidity,  mystical  actions  at  a  distance,  and  indivisibility,  that 
chemists  and  many  other  reasonable  naturalists  of  modern 
times,  losing  all  patience  with  it,  have  dismissed  it  to  the  realms 
of  metaphysics,  and  made  it  smaller  than  "  anything  we  can 
conceive,"  But  if  atoms  are  inconceivably  small,  why  are  not 
all  chemical  actions  infinitely  swift  1  Chemistry  is  powerless  to 
deal  with  this  question,  and  many  others  of  paramount  import- 
ance, if  barred  by  the  hardness  of  its  fundamental  assumptions, 
from  contemplating  the  atom  as  a  real  portion  of  matter  occupy- 
ing a  finite  space,  and  forming  a  not  immeasurably  small  consti- 
tuent of  any  palpable  body. 

Moi*e  than  thirty  years  ago  naturalists  were  scared  by  a  wild 
proposition  of  Cauchy's,  that  the  familiar  prismatic  colours 
proved  the  "sphere  of  sensible  molecular  action"  in  transparent 
liquids  and  solids  to  be  comparable  with  the  wave-length  ot  .Meaning  of 
light.  The  thirty  years  which  have  intervened  have  only  con-  molecular 
firmed  that  proposition.  They  have  produced  a  large  number  of 
capable  judges  ;  and  it  is  only  incapacity  to  judge  in  dynamical 
questions  that  can  admit  a  doubt  of  the  substantial  correctness 
of  Cauchy's  conclusion.  But  the  "  sphere  of  molecular  action" 
conveys  no  very  clear  idea  to  the  non-mathematical  mind.  The 
idea  which  it  conveys  to  the  mathematical  mind  is,  in  my  opinion, 
irredeemably  false.  For  I  have  no  faith  whatever  in  attractions 
and  repulsions  acting  at  a  distance  between  centres  of  force 
accox'ding  to  various  laws.  What  Cauchy's  mathematics  really 
proves  is  this:  that  in  palpably  homogeneous  bodies  such  as  Meaning  of 
glass  or  water,  contiguous  portions  are  not  similar  when  their  geM?ty. 
dimensions  are  moderately  small  fractions  of  the  wave-length. 
Thus  in  water  contiguous  cubes,  each  of  one  one-thousandth  of 
a  centimetre  breadth  are  sensibly  similar.  But  contiguous  cubes 
of  one  ten-millionth  of  a  centimetre  must  be  very  sensibly 
different.  So  in  a  solid  mass  of  brickwork,  two  adjacent  lengtlis 
of  20,000  centimetres  each,  may  contain,  one  of  them  nine 
hundred  and   ninety-nine  bricks  and  two  half  bricks,  and  the 

*  Nature,  March  1870, 
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other  one  thousand  bricks  :  thus  two  contiguous  cubes  of  20,000 
centimetres  breadth  may  be  considered  as  sensibly  similar. 
But  two  adjacent  lengths  of  forty  centimetres  each  might 
contain  one  of  them,  one  brick,  and  two  half  bricks,  and 
the  other  two  whole  bricks ;  and  contiguous  cubes  of  forty 
centimetres  would  be  very  sensibly  dissimilar.  In  short,  optical 
dynamics  leaves  no  alternative  but  to  admit  that  the  diameter 
of  a  molecule,  or  the  distance  from  the  centre  of  a  molecule  to 
the  centre  of  a  contiguous  molecule  in  glass,  water,  or  any  other 
of  our  transparent  liquids  and  solids,  exceeds  a  ten-thousandth 
of  the  wave-length,  or  a  two-hundred-millionth  of  a  centimetre. 

By  experiments  on  the  contact  electricity  of  metals  made  in 
the  year  1862,  and  described  in  a  letter  to  Dr  Joule*,  which  was 
published  in  the  proceedings  of  the  Literairy  and  Philosophical 
Society  of  Manchester  [Jan.  1862],  I  found  that  plates  of  zinc 
and  copper  connected  with  one  another  by  a  fine  wire  attract 
one  another,  as  would  similar  pieces  of  one  metal  connected  with 
the  two  plates  of  a  galvanic  element,  having  about  three-quarters 
of  the  electro-motive  force  of  a  Daniel's  element. 

Measurements  published  in  the  Proceedings  of  the  Royal 
Society  for  1860  showed  that  the  attraction  between  parallel 
plates  of  one  metal  held  at  a  distance  apart  small  in  comparison 
with  their  diameters,  and  kept  connected  with  such  a  galvanic 
element,  would  experience  an  attraction  amounting  to  two  ten- 
thousand-millionths  of  a  gramme  weight  per  area  of  the  opposed 
surfaces  equal  to  the  square  of  the  distance  between  them.  Let 
a  plate  of  zinc  and  a  plate  of  copper,  each  a  centimetre  square 
and  a  hundredthou.sandth  of  a  centimetre  thick,  be  ])laced  ^\-ith 
a  corner  of  each  touching  a  metal  globe  of  a  hundred-thousandth 
of  a  centimetre  diameter.  Let  the  plates,  kept  thus  in  metallic 
communication  with  one  another  be  at  first  wide  apart,  except 
at  the  corners  touching  the  little  globe,  and  let  them  then  be 
gradually  turned  round  till  they  are  parallel  and  at  a  distance  of 
a  hundred-thousandth  of  a  centimetre  asunder.  In  this  position 
thoy  will  attract  one  another  with  a  force  equal  in  all  to  two 
grammes  weight.  By  abstract  tlynamics  and  the  theory  of 
energy,  it  is  readily  proved  that  the  work  done  by  the  changing 
force  of  attraction  during  the  motion  by  which  we  have  supposed 

•  [Now  published  as  Art.  xxii.  in  a  "  Reprint  of  Papers  on  Electrostatics  and 
Magnetism  "  by  Sir  William  Thomson.     New  edition,  1883.] 
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this  position  to  be  readied,  is  equal  to  that  of  a  constant  force  of 
two  gi-ammes   weight   acting  through  a  space    of   a    hundred- 
thousandth  of  a  centimetre ;    that  is  to  say,  to  two  hundred- 
thousandths  of  a  centimetre-gramme.     Now  let  a  second  plate 
of  zinc  be  brought  by  a  similar  process  to  the  other  side  of  the 
plate  of  copper;  a  second  plate  of  copper  to  the  remote  side  of 
this  second  jjlate  of  zinc,  and  so  on  till  a  pile  is  formed  consisting  Work  do-.ie 
of  50,001  plates  of  zinc  and  50,000  plates  of  copper,  sepai'ated  pile  of  zinc 
by   100,000  spaces,  each  plate  and    each    space   one   hundred-  plates, 
thousandth  of  a  centimetre  thick.     The   whole  work  done  by 
electric  attraction  in  the  formation  of  this  pile  is  two  centimetre- 
grammes. 

The   whole   mass    of   metal    is    eight   grammes.     Hence  the 
amount  of  work  is  a  quarter  of  a  centimetre-gramme  per  gramme 
of  metal.     Now  4,030  centimetre-grammes  of  work,  according 
to  Joule's  dynamical  equivalent  of  heat,  is  the  amount  required 
to  warm  a  gramme  of  zinc  or  copper  by  one  degree  Centigrade. 
Hence  the  work  done  by  the  electric  attraction  could  warm  the 
substance  by  only  ^^  ^  ^  ^  ^  of  a  degree.    But  now  let  the  thickness  of 
each  piece  of  metal  and  of  each  intervening  space  be  a  hundred-  The  heat  cf 
millionth  of  a  centimetre  instead  of  a  hundred  thousandth.    The  tionoTzinc 
work  would  be  increased  a  million-fold  unless  a  hundred-millionth  shows  that 
of  a  centimetre  approaches  the  smallness  of  a  molecule.     The  ^robablvare 
heat  equivalent  would  therefore  be  enough  to  raise  the  tempera-  lo-^cm 
ture  of  the  material  by  62°.     This  is  barely,  if  at  all,  admissible,  j'^'J,^'"' 
according  to  our  present  knowled2;e,  or,  rather,  want  of  know-  ^^°JJ^  }^^^^ 
ledge,  regarding  the  heat  of   combination  of  zinc  and  copper,  in  diameter. 
But  suppose  the  metal  plates  and  intervening  sjiaces  to  be  made 
yet  four  times  thinner,  that  is  to  say,  the  thickness  of  each  to 
be  a  four  hundred-millionth  of  a  centimetre.     The  work  and  its 
heat  equivalent  will  be  increased  sixteen-fold.     It  would  there- 
fore be  990  times  as  much  as  that  required  to  warm  the  mass 
by  1"    cent.,  which  is  very  much  more  than  can  possibly  be  pro- 
duced by  zinc  and  copper  in  entering  into  molecular  combination. 
Were  there  in  reality  anything  like  so  much  heat  of  combination 
as  this,  a  mixtui-e  of  zinc  and  copper  powders  would,  if  melted 
in    any   one   spot,    run   together,   generating   more   than   heat 
•    enough  to  melt  each  throughout ,   just  as  a  large  quantity  of 
gunpowder  if  ignited  in  any  one  spot  burns  throughout  without 
fresh  application  of  heat.     Hence  plates  of  zinc  and  copper  of  a 
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three  hundred-millionth  of  a  centimetre  thick,  placed  close 
together  alternately,  form  a  near  approximation  to  a  chemical 
combination,  if  indeed  such  thin  plates  could  be  made  without 
splitting  atoms. 

The  theory  of  capillary  attraction  shows  that  when  a  V)ubble — 
a  soap-bubble  for  instance — is  blown  larger  and  larger,  work  is 
done  by  the  stretching  of  a  tilrn  which  resists  ext^-'usion  as  if  it 
were  an  elastic  membrane  with  a  constant  contractile  force. 
This  contractile  force  is  to  be  reckoned  as  a  certain  number  of 
units  of  force  per  unit  of  breadth.  Observation  of  the  ascent  of 
water  in  capillary  tubes  shows  that  the  contractile  force  of  a 
thin  film  of  water  is  about  sixteen  milligrammes  weight  per 
millimetre  of  breadth.  Hence  the  work  done  in  stretching  a 
water  film  to  any  degree  of  thinness,  reckoned  in  millimetre- 
milligrammes,  is  equal  to  sixteen  times  the  number  of  square 
millimetres  by  which  the  area  is  augmented,  provided  the  film 
is  not  made  so  thin  that  there  is  any  sensible  diminiition  of  its 
contractile  force.  In  an  article  "  On  the  Thermal  effect  of  draw- 
ing out  a  Film  of  Liquid,"  published  in  the  Proceedings  of  the 
Royal  Society  for  April  1858,  I  have  proved  from  the  second 
law  of  thermodynamics  that  about  half  as  much  more  energy,  in 
the  shape  of  heat,  must  be  given  to  the  film  to  prevent  it  from 
sinking  in  temperature  while  it  is  being  drawn  out.  Hence  the 
intrinsic  energy  of  a  mass  of  water  in  the  shape  of  a  film  kept 
at  constant  temperature  increases  by  twenty-four  milligramme- 
millimetres  for  every  square  millimetre  added  to  its  area. 

Suppose  then  a  film  to  be  given  with  a  thickness  of  a  milli- 
metre, and  suppose  its  area  to  be  augmented  ten  thousand 
and  one  fold  :  the  work  done  per  square  millimetre  of  the 
original  film,  that  is  to  say  per  milligramme  of  the  mass 
would  be  240, OUO  millimetre-milligrammes.  The  heat  equivalent 
of  this  is  more  than  half  a  degree  centigrade  of  elevation  of 
temperature  of  the  suVistance.  The  thickness  to  which  the  film 
is  reduced  on  this  supposition  is  very  approximately  a  ten- 
thousandth  of  millimetre.  The  commonest  observation  on  the 
8oaj>-bubble  (which  in  contractile  force  differa  no  doubt  very 
little  from  pure  water)  shows  that  there  is  no  sensible  diminu- 
tion of  contractile  force  by  reduction  of  the  thickness  to  the  ten- 
thousandih  of  a  millimetre;   injismuch  aa  the  thickne^s  which 
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gives  tho  first  maximum  brightness  round  the  black  spot  seen 

where  the  bubble  is  thinnest,  is  only  about  an  eight-thousandth 

of  a  millimetre. 

The  very  moderate  amount  of  work  shown  in  the  preceding 

estimates  is  quite  consistent  with  this  deduction.      But  suppose 

now  the  film  to  be  farther  stretched  until  its  thickness  is  reduced 

to  a  twenty-millionth  of  a  millimetre.     The  work  spent  in  doing 

this  is  two-thousand  times  more  than  that  which  we  have  just 

calculated.     The   heat  equivalent  is   1,130  times  the  quantity 

required  to  raise  the  temperature  of  the  liquid  by  one  degi-ee 

centigrade.     This  is  far  more  than  we  can  admit  as  a  possible 

amount  of  work   done  in  the  extension  of   a  liquid  film.     A 

smaller  amount  of  work  spent  on  the  liquid  would  convert  it 

into  vapour  at  ordinary  atmospheric  pressure.      The  conclusion 

is  unavoidable,  that  a  water-film  falls  ofi"  greatly  in  its  conti-ac-  Surface 

tension  fiills 
tile  force  before  it  is  reduced  to  a  thickness  of  a  twenty-millionth  much  before 

/>  .,,.  T      •  -11  -11     the  film  is 

oi  a  millimetre.      It  is  scarcely  possible,  upon  any  conceivable  reduced  to 

molecular  theory,  that  there  can  be  any  considerable  falling  ofi"  and  there ' 

in  the  contractile  force  as  long  as  there  are  several  molecules  in  few  mole- 

the  thickness.    It  is  therefore  probable  that  there  are  not  several  thickness. 

molecules  in  a  thickness  of  a  twenty-millionth  of  a  millimetre 

of  water. 

The  kinetic  theory  of   gases  suggested  a  hundred  years  ago  Kinetic 

ilieory  of 

by  Daniel  Bernoulli  has,  during  the  last  quarter  of  a  century,  gases. 
been  worked  out  by  Herapath,  Joule,  Clausius,  and  Maxwell,  to 
so  great  perfection  that  we  now  find  in  it  satisfactory  explana- 
tions of  all  non-chemical  properties  of  gases.     However  difficult  Meaning  of 
it  may  be  to  even  imagine  what  kind  of  thing  the  molecule  is,  free  patii 
we  may  regard  it  as  an  established  truth  of  science  that  a  gas  sioo. 
consists  of  moving  molecules  disturbed  from  rectilinear  paths 
and  constant  velocities   by   collisions  or  mutual  influences,  so 
rare  that  the    mean    length    of   nearly  rectilinear   portions   of 
the  path  of  each    molecule   is    many  times   greater    than   the 
average  distance  from  the  centre  of  each  molecule  to  the  centre 
of  the  molecule  nearest  it  at  any  time.     If,  for  a  moment,  we 
suppose  the  molecules  to  be  hard  elastic  globes  all  of  one  size, 
influencing  one  another  only  through  actual  contact,  we  have 
for  each  molecule  simply  a  zigzag  path  composed  of  rectilinear  Average 
portions,  with  abrupt  changes  of  direction.     On  this  supposition  free  path 
Clausius  proves,  by  a  simple  application  of  the  calculus  of  pro-  by  Clausius. 

32—2 
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babilities,  that  the  average  length  of  the  free  path  of  a  particle 
from  collision  to  collision  bears  to  the  diameter  of  each  globe, 
the  ratio  of  the  whole  space  in  which  the  globes  move,  to  eight 
times  the  sum  of  the  volumes  of  lie  globes.  It  follows  th:it 
the  number  of  the  globes  in  unit  volume  is  equal  to  the  square 
of  this  ratio  divided  by  the  volume  of  a  sphere  whose  raditis 
is  equal  to  that  average  length  of  free  path.  But  we  cannot 
believe  that  the  individual  molecules  of  gases  in  general,  or  even 
of  any  one  gas,  are  hard  elastic  globes.  Any  two  of  the  moving 
particles  or  molecules  must  act  upon  one  another  somehow,  so 
that  when  they  pass  very  near  one  another  they  shall  produce 
considerable  deflexion  of  the  path  and  change  in  the  velocity  of 
each.  This  mutual  action  (called  force)  is  ditferent  at  diflfercnt 
distances,  and  must  vary,  according  to  variations  of  the  distance 
so  as  to  fulfil  some  definite  law.  If  the  particles  were  hard 
elastic  globes  acting  upon  oue  another  only  by  contact,  the  law 
of  force  would  be — zero  force  when  the  distance  from  centi'e  to 
centre  exceeds  the  sum  of  the  i-adii,  and  infinite  repulsion  for 
any  distance  less  than  the  sum  of  the  radii.  This  hypothesis, 
with  its  "  hard  and  fast"  demarcation  between  no  force  and  in- 
finite force,  seems  to  require  mitigation.  Without  entering  on 
the  theory  of  vortex  atoms  at  present,  I  may  at  least  say  that 
soft  elastic  solids,  not  necessarily  globular,  are  more  promising 
than  infinitely  hard  elastic  globes.  And,  iiappily,  we  are  not 
left  merely  to  our  fancy  as  to  what  we  are  to  accept  as  probable 
in  respect  to  the  law  of  force.  If  the  particles  were  hard  elastic 
globes  the  average  time  from  collision  to  collision  would  be  in- 
versely as  the  average  velocity  of  the  particles.  But  Maxwells 
experiments  on  the  variation  of  the  viscosities  of  gsises  with 
change  of  temperature  prove  that  the  mean  time  from  collision 
to  collision  is  independent  of  the  velocity  if  we  give  the  name 
collision  to  those  mtitual  actions  only  which  produce  something 
more  than  a  certain  sj^ecified  degree  of  deflection  of  the  line  uf 
motion.  This  law  could  be  fulfilled  by  soft  elastic  particles 
(globular  or  not  globular);  but,  as  we  have  seen,  not  by  hard 
elastic  globes.  Such  details,  however,  are  beyond  the  scope  of 
our  present  argument.  What  we  want  now  ai*e  rough  approxi- 
mations to  absolute  values,  whether  of  time  or  space  or  mass — 
not  delicate  differential  results.  From  Joule,  Maxwell,  and 
Clau.sius  we  kuow  that  the  average  velocity  of  the  molecules  of 
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oxycren    or  nitro:;en  or   common   air,  at   ordinary  atmospheric  Kinetic 

?  •         ,  -^  /^/^^  •  theory  Of 

temperature   and   pressure,   is    about    oO,000    centimetres    per  gases. 

second,  and  the  average  time  from  collision  to  collision  a  five- 
thousand-millionth  of  a  second.     Hence  the  averapre  length  of  Averaee 

="  °  free  path 

path  of  each  molecule  between  collisions  is  about  if^ty^QQ (,  of  a  iO'*cni. 
centimetre.  Now,  having  left  the  idea  of  hard  globes,  according 
to  which  the  dimensions  of  a  molecule  and  the  distinction 
between  collision  and  no  collision  are  perfectly  sharp,  some- 
thing of  circumlocution  must  take  the  place  of  these  simple 
terms. 

First,  it  is  to  be  remarked  that  two  molecules  in  collision  will  Meaning  of 

collision 

exercise  a  mutual  repulsion  in   virtue  of   which  the    distance  and  dia- 

,.  p,     .,...,,  .  meter  of 

between  their  centres,  after  being  diminished  to  a  minimum,  molecule, 
will  begin  to  increase  as  the  molecules  leave  one  another.  This 
minimum  distance  would  be  equal  to  the  sum  of  the  radii,  if  the 
molecules  were  infinitely  hard  elastic  spheres  ;  but  in  reality  we 
must  suppose  it  to  be  very  difierent  in  difierent  collisions. 
Considering  only  the  case  of  equal  molecules,  we  might,  then, 
define  the  radius  of  a  molecule  as  half  the  average  shortest 
distance  reached  in  a  vast  number  of  collisions.  The  definition 
I  adopt  for  the  present  is  not  precisely  this,  but  is  chosen  so  as 
to  make  as  simple  as  pos^^ible  the  statement  I  have  to  make  of  a 
combination  of  the  results  of  Clausius  and  Maxwell.  Havins: 
defined  the  radius  of  a  gaseous  molecule,  I  call  the  double  of 
the  radius  the  diameter ;  and  the  volume  of  a  globe  of  the  same 
radius  or  diameter  I  call  the  volume  of  the  molecule. 

The  experiments  of  Cagniard  de  la  Tour,  Faraday,  Regnault, 
and  Andrews,  on  the  condensation  of  gases  do  not  allow  us  to 
believe  that  any  of  the  ordinary  gases  could  be  made  forty  thou- 
sand  times  denser  than   at  ordinary  atmosphere  pressure  and 
temperature,  without  reducing  the  whole  volume  to  something 
less  than  the  sum  of  the  volume  of  the  gaseous  molecules,  as  now 
defined.     Hence,  according  to  the  grand  theorem    of  Clausius  Free  path 
quoted   above,  the   average  length    of   path  from    collision  to  more  than 
collision  cannot  be  more  than  five  thousand  times  the  diameter  diameter  of 
of  the  gaseous  molecule ;  and  the  number  of  molecules  in  unit 
of  volume  cannot  exceed  2-5,000,000  divided  by  the  volume  of  a 
globe  whose  radius  is  that  average  length  of  path.     Taking  new 
the  preceding  estimate,  -yooooo  °^  ^  centimetre,  for  the  average 
length  of  path  from  collision  to  collision  we  conclude  that  the 
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diameter  of  the  gaseous  molecule  cannot  be  less  than  soo  ooo.ooo 
of  a  centimetre  ;  nor  the  number  of  molecules  in  a  cuV>ic  centi- 
metre of  the  gas  (at  ordinary  density)  greater  than  6  x  10"  (or 
six  thousand  million  million  million). 

The  densities  of  known  liquids  and  solids  are  from  five 
hundred  to  sixteen  thousand  times  that  of  atmosj)heric  air 
at  ordinary  pressure  and  temperature ;  and,  therefore,  the 
number  of  molecules  in  a  cubic  centimetre  may  be  from  3  x  10'* 
to  10**  (that  is,  from  three  million  million  million  million  to  a 
hundred  million  million  million  million).  From  this  (if  we 
assume  for  a  moment  a  cubic  arrangement  of  molecules),  the 
distance  from  centre  to  nearest  centre  in  solids  and  liquids  may 


be  estimated  at  from 
metre. 


140,000.000 


to 


4  60,000.000 


of  a  centi- 


The  four  lines  of  argument  which  I  have  now  indicated, 
lead  all  to  substantially  the  same  estimate  of  the  dimensions  of 
molecular  structure.  Jointly  they  e.stablish  'vith  what  we  can- 
not but  regard  as  a  very  high  degree  of  probability  the  conclu- 
sion that,  in  any  ordinary  liquid,  transparent  solid,  or  seemingly 
opaque  solid,  the  mean  distance  between  the  centres  of  contigu- 
ous molecules  is  less  than  the  hundred-millionth,  and  greater 
than  the  two  thousand-millionth  of  a  centimetre*. 

To  form  some  conception  of  the  degree  of  coai-se-grainedness 
indicated  by  this  conclusion,  imagine  a  rain  drop,  or  a  globe  of 
glass  as  large  as  a  pea,  to  be  magnified  up  to  the  size  of  the 
earth,  each  constituent  molecule  being  maguified  in  the  same 
proportion.  The  magnified  structure  would  be  more  coarse 
grained  than  a  heap  of  small  shot,  but  probably  lei<a  coarse 
grained  than  a  heap  of  cricket-balls. 

•  I  find  that  M.  Loachmidt  had  preceded  me  in  the  fourth  of  the  preceding 
methods  of  estimating  the  size  of  atoms  [Sitzungsberichte  of  the  Vienna  Acad., 
12  Oct.,  18r),5,  p.  39">1.  He  finds  the  diameter  of  a  molecule  of  common  air  to 
be  about  a  ten-millionth  of  a  centimetre.  M.  Lippinann  has  also  given  a 
remarkably  interesting  and  original  investigation  relating  to  the  size  of  atoms 
Comptes  Iieiidu3,  Oct.  16th,  1882,  basing  his  argument  on  the  variations  of 
capillarity  under  electrification.  He  finds  that  the  thickness  of  the  double 
electric  layer,  according  to  Helmholtz'.s  theory,  is  about  a  35-Diillionth  of  a 
centimetre.    W.  T.,  Dec.  13,  1882. 
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(G.)— On  Tidal  Friction,  by  G.  H.  Darwin,  F.R.S. 

(a.)     JVie  retardation  of  the  earth's  rotation,  as  deduced  from 
the  secular  acceleration  of  the  Moon's  mean  motion. 

In  my  paper  on  the  precession  of  a  viscous  spheroid  [Phil.  Retardation 
Trans.  Pt.  II.,  1879,  or  Scientific  Papers,  Vol.  ii.  p.   36],  all  rotation, 
the  data  are  given  which  are  requisite  for  making  the  calcu-  estimates, 
lations    for   Professor   Adams'   result    in   ^  830,   viz.  :     that   if 
there  is  an  unexplained  part  in  the  coefficient  of  the  secular 
acceleration  of  the  moon's  mean  motion  amounting  to  6",  and 
if  this  be  due  to  tidal  friction,  then  in  a  century  the  earth  gets 
22  seconds  behind  time,  when  compared  with  an  ideal  clock, 
going   perfectly   for    a    century,    and    perfectly    rated    at   the 
beginning  of  the  century.     In  the  paper  referred  to  however 
the  earth  is  treated  as  homogeneous,  and  the  tides  are  supposed 
to  consist  in  a  bodily  deformation  of  the  mass.     The  numerical 
results  there  given  require  some  modification  on  this  account. 

If  E,  E\  E"  be  the  heights  of  the  semidiurnal,  diurnal  and 
fortnightly  tides,  expressed  as  fractions  of  the  equilibrium  tides 
of  the  same  denominations;  and  if  e,  c',  c"  be  the  corresponding 
retardations  of  phase  of  these  tides  due  to  friction  ;  it  is  shown 
on  p.  476  [Sciendfic  Papers,  Vol.  ii.  p.  68]  and  in  equation  (48), 
that  in  consequence  of  lunar  and  solar  tides,  at  the  end  of  a 
century,  the  earth,  as  a  time-keeper,  is  behind  the  time  indicated 
by  the  ideal  perfect  clock. 

1900-27  ^sin  2e  +  4  23-49  ^'sinc'  seconds  of  time (a), 

and  that  if  the  motion  of  the  moon  were  unaffected  by  the 
tides,  an  observer,  taking  the  earth  as  his  clock,  would  note  that 
at  the  end  of  the  century  the  moon  was  in  advance  of  her  place 
iu  her  orbit  by 

1043"-28^sin2€+232"-50^'sine' (b). 

This  is  of  course  merely  the  expression  of  the  same  fact  as  (a),  in 
a  different  form. 

Lastly  it  is  shown  in  equation  (60)  that  from  these  causes  in  a 
century,  the  moon  actually  lags  behind  her  place 

630"-7  E  sin  2c  +  108"-6  E'  sin  €  -  7"-042  E"  sin  2c" (c). 

In  adapting  these  results  to  the  hypothesis  of  oceanic  tides  on  a 
heterogeneous  earth,  we  observe  in  the  first  place  that,  if  the 
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Retardation  fl„if|  tides  are  invorted,  thnt  is  to  sav  if  for  example  it  is  low 

ofcartliB  '  •  ' 

rotation.  wat^r  under  the  moon,  then  friction  advances  the  flui<l  tides*, 

and  therefore  in  that  case  the  c's  are  to  be  interpreted  as 
advancements  of  phase;  and  secondly  that  the  £'b  are  to  be 
multiplied  by  -5^,  which  is  the  ratio  of  the  density  of  water 
to  the  mean  density  of  the  earth.  Next  the  earth's  moment  of 
inertia  (as  we  learn  from  col.  vii.  of  the  table  in  §  824)  is  about 
•83  of  its  amount  on  the  hypothesis  of  homogeneity,  and  there- 
fore the  results  (a)  and  (6)  have  both  to  be  multiplied  by  1/-83 
or  1  -2 ;  the  result  (c)  remains  unaffected  except  as  to  the  factor  ■^. 
Thus  subtracting  (c)  from  (b)  as  amended,  we  find  that  to  an 
observer,  taking  the  earth  as  a  true  time-keeper,  the  moon  is,  at 
the  end  of  the  century,  in  advance  of  her  place  by 

^{(1-2  X  1043"-28-630"-7)^sin  2c 

+  (1  -2  X  232"-50  -  108"-6)  E'  ^iu  c'  +  7"-042  E"  sin  2e"}, 

V  hich  is  equal  to 

Yj  {621"-24  ^sin  2«  +  170"-40  ^'sin  c'  +  7"-04  E"  sin  2c"}. ..(rf) 

and  from  (a)  as  amended  that  the  earth,  as  a  time-keeper,  is 
behind  the  time  indicated  by  the  ideal  clock,  perfectly  rated  at 
the  beginning  of  the  century,  by 

j^i- {2280-32^  sin  2c +  50819  J"  sine'}  seconds  of  time (e). 

Now  if  we  suppose  that  the  tides  have  their  equilibrium  height, 
so  that  the  ^s  are  each  unity  ;  and  that  c'  is  one  half  of  c  (which 
must  roughly  coiTespond  to  the  state  of  the  case),  and  that  «"  is 
insensible,  and  c  small,  (d)  becomes 

^\{62l"-2i  +  \x  170"-40}c (/) 

a  lid  (e)  becomes 

y\  {2280-32 -f- ^  X  508-19}  c  seconds  of  time (g). 

l!  (/)  were  equal  to  1",  then  (y)  would  clearly  be 

2280-32  +  ix  50819           ...  ,,, 

621-24  4  X  170-40^'^""^^"^'^'^^^ ^^>- 

The  second  term,  both  in  the  numerator  and  denominator  of  {h), 
depends  on  the  diurnal  tide,  which  only  exists  when  the  ecliptic 

•  That  this  is  tnie  may  be  seen  from  considerations  of  energy.  If  it  were 
approximately  low  water  under  the  moon,  the  earth's  rotation  would  be  acce- 
lerated by  tidal  friction,  if  the  tides  of  short  period  lagged;  and  this  would 
violate  the  principles  of  energy. 
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is  oblique.     Now  Adams'  result  was  obtained  on  the  hypothesis  Adams' 
that  the  obliquity  of  the  ecliptic  was  nil,  therefore  according  to 
his  assumption,  1"  in  the  coefticient  of  lunar  acceleration  means 
that  the  earth,  as  compared  with  a  perfect  clock  rated  at  the 
beginning  of  the  century,  is  behind  time 

2280-32 


621-24 


3|  seconds  at  the  end  of  a  century. 


Accordingly  6"  in  the  coefficient  gives  22  sees,  at  the  end  of  a 
century,  which  is  his  result  given  in  §  830.  If  however  we 
iij elude  the  obliquity  of  the  ecliptic  and  the  diurnal  tide,  we 
find  that  1"  in  the  coefficient  means  that  the  earth,  as  compared 
with  the  perfect  clock,  is  behind  time 

2407-37 


663-80 


=  36274  seconds  at  the  end  of  a  century. 


Thus  taking  Hansen's  12"-56  with  Delaunay's  6"-l,  we  have  the  Other 

,,.__,,    results. 

earth  behind  6-46  x  3-6274  =  23-4  sec,  and  taking  Newcomb's 
8"-4  with  Delaunay's  6"-l,  we  have  the  earth  behind  2*3  x  36274 
=  8-3  sec. 

It  is  worthy  of  notice  that  this  result  would  be  only  very 
slightly  vitiated  by  the  incorrectness  of  the  hypothesis  made 
above  as  to  the  values  of  the  ^'s  and  e's ;  for  £  sin  2e  occurs 
in  the  important  term  both  in  the  numerator  and  denominator 
of  the  result  for  the  earth's  defect  as  a  time-keeper,  and  thus 
the  hypothesis  only  enters  in  determining  the  part  played  by 
the  diurnal  tide.  Hence  the  result  is  not  sensibly  affected  by 
some  inexactness  in  this  hypothesis,  nor  by  the  fact  that  the 
oceans  in  reality  only  cover  a  portion  of  the  earth's  surface. 

(6.)  The  Determination  of  the  Secular  Effects  of  Tidal  Fric- 
tion by  a  Graphical  Method.  (Portion  of  a  paper  published 
in  the  Proc.  Roy.  Soc.  No.  197,  1879  [or  Scientific  Papers, 
Vol.  II.  p.  195],  but  with  alterations  and  additions.) 

Suppose  an  attractive  particle  or  satellite  of  mass  m  to  beGenerM^^ 
moving  in  a  circular  orbit,  with  an  angular  velocity  Q,  round  a  tj.g^^ 
planet  of  mass  ^f,  and  suppose  the  planet  to  be  rotating  about  au 
axis  perpendicular  to  the  plane  of  the  orbit,  with  an  angular 
velocity  n;  suppose,  also,  the  mass  of  the  planet  to  be  partially 
or  wholly  imperfectly  elastic  or  viscous,  or  that  there  are  oceans 
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on  the  surface  of  the  ])lan<'t ;  then  the  attraction  of  the  satellite 
must  produce  a  relative  motion  in  the  parts  of  the  planet,  and 
that  motion  must  be  sulyect  to  friction,  or,  in  other  words,  there 
must  be  frictional  tides  of  some  sort  or  otlier.  The  system  must 
accordingly  be  losing  energy  by  friction,  and  its  configuration 
must  change  in  such  a  way  that  its  whole  energy  diminishes. 

Such  a  system  does  not  differ  much  from  those  of  actual 
planets  and  satellites,  and,  therefore,  the  results  deduced  in  this 
hypothetical  case  must  agiee  pretty  closely  with  the  actual  course 
of  evolution,  provided  that  time  enough  has  been  and  will  be 
given  for  such  changes. 

Let  C  be  the  moment  of  inertia  of  the  planet  about  its  axis  of 
rotation ; 

r  the  distance  of  the  satellite  from  the  centre  of  the  planet; 

h  the  resultant  moment  of  momentum  of  the  whole  system ; 

e  the  whole  energy,  both  kinetic  and  potential  of  the  system. 

It  will  be  supposed  that  the  figure  of  the  planet  and  the  dis- 
tribution of  its  internal  density  are  such  that  the  attraction  of 
the  satellite  causes  no  couple  about  any  axis  perpendicular  to 
that  of  rotation. 

Special  I  shall  now  adopt  a  special  system  of  units  of  ma.ss,  length, 

""''^'  and  time  such  that  the  analytical  results  are  reduced  to  their 

simplest  forms. 

Let  the  unit  of  mass  be  Min/{M+m). 

Let  the  unit  of  length  y  be  such  a  distance,  that  the  moment 
of  inertia  of  the  planet  about  its  axis  of  rotation  may  be  equal  to 
the  moment  of  inertia  of  the  planet  and  satellite,  treated  aa  par- 
ticles, about  their  centre  of  inertia,  when  distant  y  apart  from 
one  another.     This  condition  gives 

whence  y=J_l_^ V  . 

'      (       Jim      ) 

Let  the  unit  of  time  t  be  the  time  in  which  the  .satellite  revolves 
through  ^T'-S  about  the  planet,  when  the  satellite's  radius  vector 
is  equal  to  y.     In  thi.s  case  l/r  is  the  satellite's  orbital  anijular 
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velocity,  and  by  the  law  of  periodic  times  we  have 

T-' y' =  fJi  {M  +  m) 

where  ju,  is  the  attraction  between  unit  masses  at  unit  distance. 
Then  by  substitution  for  y 

This  system  of  units  will  be  found  to  make  the  three  following 
functions  each  equal  to  unity,  viz.  fx-Mm  {M+  m)~-,  fx-Mni,  and  C. 
The  units  are  in  fact  derived  from  the  consideration  that  these 
functions  are  each  to  be  unity. 

In  the  case  of  the  earth  and  moon,  if  we  take  the  moon's  mass  Numerical 
as  -g^nd  of  the  earth's,  and  the  earth's  moment  of  inertia  as  the  miits  fcr 
^  Ma^  [see  §  824],  it  may  easily  be  shown  that  the  unit  of  mass  ^000.^"'^ 
is  Jj  of  the  earth's  mass,  the  unit  of  length  is  5*26  earth's  radii 
or  33,506  kilometres,  and  the  unit  of  time  is  2  hrs.  41  minutes. 
In    these   units   the   present   angular   velocity    of   the    earth's 
diurnal  rotation  is  expressed  by  '7044,  and  the  moon's  present 
radius  vector  by  11-454. 

The  two  bodies  being  supposed  to  revolve  in  circles  about  Moment  of 
their  common  centre  of  inertia  with  an  angular  velocity  O,  the  ^*de^ne'rgy 
moment  of  momentum  of  orbital  motion  is  ^^  system. 

,^/    mr    \*^  /   Mr   y^       Mm      .^ 

\M  +mj  \3I  +  mj  M  +  m 

Then,  by  the  law  of  periodic  times,  in  a  circular  orbit, 

nV'  =  /x(il/+m) 
whence  0,7^  =  fiS  [M +m)- r^. 
And  the  moment  of  momentum  of  orbital  motion 

and  in  the  special  units  this  is  equal  to  r-. 

The  moment  of  momentum  of  the  planet's  rotation  is  Cn,  and 
C=  1,  in  the  special  units. 

Therefore  /t=7?  +  r-   (1). 

Again,  the  kinetic  energy  of  orbital  motion  is 

1    1/-/      ^'^^       \'o»         1         /      ^^"^     \'r^2         1        J^"^  2r^2         1    M'^^"* 

-^      \M+7n/  ^     \M  +  in/  ^M+m  ^      r 
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Moment  of 
niomentum 
and  energy 
of  system. 


Two  con- 
liEu  rations 
oi  maxi- 
intim  and 
minimum 
enerijj' 
for  Riven 
momrntum, 
determined 
by  quartio 
equution. 


The  kinetic  energy  of  the  planet's  rotation  is  hCn*. 

The  potential  energy  of  the  system  is  —  ixMm/r. 

Adding  the  three  energies  together,  and  transforming  into  the 
special  units,  we  have 

2e  =  n'-^  (2). 

Since  the  moon's  present  radius  vector  is  11  "454,  it  follows 
that  the  orbital  momentum  of  tlie  moon  is  3*3S4.  Adding  to 
this  the  rotational  niomentum  of  the  earth  which  is  -704,  we 
obtain  4-"088  for  the  total  moment  of  momentum  of  the  moon 
and  earth.  The  ratio  of  the  orbital  to  the  rotjvtional  momentum 
is  4-80,  so  that  the  total  moment  of  momentum  of  the  system 
would,  but  for  the  obliquity  of  the  ecliptic,  be  5 '80  times  that 
of  the  earth's  rotation.  In  §  276,  where  the  obliquity  is  taken 
into  consideration,  the  number  is  given  as  5 '38. 


Now  let 


X  =  '/• 


\ 


Y  =  2e. 


y  =  n, 

It  will  be  noticed  that  x,  the  moment  of  momentum  of  orbital 
motion,  is  equal  to  the  square  root  of  the  satellite's  distance  from 
the  planet. 

Then  the  equations  (1)  and  (2)  become 

h  =  !,^x (3). 

1 


7=y 


X' 


=(A-^r--. 


X 


.(4). 


(3)  is  the  equation  of  conservation  of  moment  of  momentum,  or 
shortly,  the  equation  of  momentum  ;  (4)  is  the  equation  of  energy. 

Now,  consider  a  system  started  with  given  positive  (or  say 
clockwise*)  moment  of  niomentum  h  ;  we  have  all  sorts  of  ways 
in  which  it  may  be  stai-ted.  If  the  two  rotations  be  of  oppo.site 
kinds,  it  is  clear  that  we  may  start  the  system  with  any  amount 
of  energy  however  great,  but  the  true  maxima  and  minima  of 
energy  compatible  with  the  given  moment  of  momentum  are 
given  by  ilYjdx  =  0, 

a;  -  /,  +      =  0, 


or 


that  is  to  say, 


X*  -  fix'  +1  =  0 


(5). 


•  This  is  contrary  to  the  ordinary  convention,  but  I  leave  this  passage  as  it 
Btood  originally. 
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We  shall  pi-esently  see  that  this  qviartic  has  either  two  real 
roots  and  two  imaginary,  or  all  imaginary  roots*. 

This  quartic  may  be  derived  from  quite  a  different  con- 
sideration, viz.,  by  finding  the  condition  under  which  the 
satellite  may  move  round  the  planet,  so  that  the  planet  shall 
always  show  the  same  face  to  the  satellite,  in  fact,  so  that  they 
move  as  parts  of  one  rigid  body. 

The  condition  is  simply  that  the  satellite's   orbital   angular  in  these 

T      ■  f  ■  •  configun*- 

velocity  fi  =  w.  the  planet  s  angular  velocity  ot  rotation  ;  or  since  tions  the 

,  satellite 

?i  =  y  and  r^'  =  n- *  =  x,  therefore  y  =  1  /x\  ^ojf„\^^ 

By  substituting  this  value  of  y  in  the  equation  of  momentum  connected 
(3),  we  get  as  before  planet. 

-*-  hx'  +  l=0  (5). 

In  my  paper  on  .^e  "Precession  of  a  Yiscous  Spheroid f,"  I 
obtained  the  quartic  equation  from  this  last  point  of  view- 
only,  and  considered  analytically  and  numerically  its  bearings 
on  the  history  of  the  earth. 

Sir  William  Thomson,  having  read  the  paper,  told  me  that  he 
thought  that  much  light  might  be  thrown  on  the  general  physical 
meaning  of  the  equation,  by  a  comparison  of  the  equation  of 
conservation  of  moment  of  momentum  with  the  energy  of  the 
system  for  various  configurations,  and  he  suggested  the  appro- 
priateness of  geometrical  illustration  for  the  purpose  of  this 
comparison.  The  method  which  is  worked  out  below  is  the 
result  of  the  suggestions  given  me  by  him  in  conversation. 

The  simplicity  with  which  complicated  mechanical  interactions 
may  be  thus  traced  out  geometrically  to  their  results  appears 
truly  remarkable. 

At  present  we  have  only  obtaineil  one  result,  viz. :  that  if  with 
given  moment  of  momentum  it  is  possible  to  set  the  satellite  and 
planet  moving  as  a  rigid  body,  then  it  is  possible  to  do  so  in  two 
ways,  and  one  of  these  ways  requires  a  maximum  amount  of 
energy  and  the  other  a  minimum  ;  from  which  it  is  clear  that  one 
must  be  a  rapid  rotation  with  the  satellite  near  the  planet,  and 
the  other  a  slow  one  with  the  satellite  remote  from  the  planet. 

*  I  have  elsewhere  shown  that  when  it  has  real  roots,  one  is  greater  and  the 
other  less  than  ^h.  Proc.  Roy.  Soc.  No.  202, 18S0,  [or  Scientific  Papers,  Vol.  ii. 
p.  390.     G.  H.  D.] 

t  Trans.  Roy.  Soc.  Part  i.  1879,  [or  Scientijic  Papers,  Vol.  ii.  p.  3(5. 
G.  H.  D.] 
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Now,  consider  the  three  equations, 

h  =  y  +  x (6), 

r=(A-.r)-i (7), 

A  =  l  (8)- 

(G)  is  the  equation  of  momentum  ;  (7)  that  of  energy ;  aud  (8) 
we  may  call  the  equation  of  rigidity,  since  it  indicates  that  the 
two  bodies  move  as  though  parts  of  one  rigid  body. 

Now,  if  we  wish  to  illustrate  these  equations  geometrically, 
we  may  take  as  abscissa  x,  which  is  the  moment  of  momentum 
of  orbital  motion  ;  so  that  the  axis  of  x  may  be  called  the  axis 
of  orbital  momentum.  Also,  for  equations  (6)  and  (8)  we  may 
take  as  ordinate  y,  which  is  the  moment  of  momentum  of  the 
planet's  rotation  )  so  that  the  axis  of  y  may  be  called  the  axis 
of  rotational  momentum.  For  (7)  we  may  take  as  ordinate  Y, 
which  is  twice  the  energy  of  the  system ;  so  that  the  axis 
of  Y  may  be  called  the  axis  of  energy.  Then,  as  it  will  be 
convenient  to  exhibit  all  three  curves  in  the  same  figure,  with 
a  parallel  axis  of  x,  we  must  have  the  axis  of  energy  identical 
with  that  of  rotational  momentum. 

It  will  not  be  necessary  to  consider  the  case  where  the 
resultant  moment  of  momentum  h  is  negative,  because  this 
Would  only  be  equivalent  to  reversing  all  the  rotations;  thus 
h  is  to  be  taken  as  essentially  positive. 

Then  the  line  of  momentum,  whose  equation  is  (6),  is  a 
straight  line  inclined  at  45°  to  either  axis,  having  positive  inter- 
cepts on  both  axes. 

The  curve  of  rigidity,  whose  equation  is  (8),  is  clearly  of 
the  same  nature  as  a  rectangular  hyperbola,  but  having  a 
much  more  rapid  rate  of  apjn'oach  to  the  axis  of  orbital  mo- 
mentum than  to  tliat  of  rotational  momentum. 

The  intersections  (if  any)  of  the  curve  of  ngidity  with  the 
line  of  momentum  have  abscit^sa'  which  are  the  two  roots 
of  the  quartic  .c*  - //,c' +  1  =  0.  The  quartic  has,  therefore, 
two  real  roots  or  all  imaginary  roots.  Then,  since  x=Jr, 
the  intersection  which  is  uioi'e  remote  from  the  origin,  indicates 
a  configTiration  where  the  satellite  is  remote  from  the  planet; 
tlic  other  gives  the  configuration  where  the  satellite  is  clcser 
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to    the  planet.     We   have   already  learnt  that  these  two   cor-  Graphical 

1  ...  solution. 

respond  respectively  to  minimum  and  maximum  energy. 

"When  X  is  very  large,  the  equation  to  the  curve  of  energy 
is  Y=(h  —  xy,  which  is  the  equation  to  a  parabola,  \vith  a 
vertical  axis  parallel  to  Y  and  distant  h  from  the  origin,  so 
that  the  axis  of  the  parabola  passes  through  the  intersection 
of  the  line  of  momentum  with  the  axis  of  orbital  momentum. 

When  X  is  very  small  the  equation  becomes  Y  =  —  l/a5*. 


Fig.  1. 


Hence,  the  axis  of  Y  is  asymptotic  on  both  sides  to  the  cuire 
of  energy. 

Then,  if  the  line  of  momentum  intersects  the  curve  of 
rigidity,  the  curve  of  energy  has  a  maximum  vertically  under- 
neath the  point  of  intersection  neaier  the  origin,  and  a  minimum 
iinderneath  the  point  more  remote.  But  if  there  are  no  inter- 
sections, it  has  no  maximum  or  minimum. 

It  is  not  easy  to  exhibit  these  curves  well  if  they  are  drawn 
to   scale,   without   making    a  figure   lai-ger    than   it   would    be 
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convenient  to  print,  and  accordingly  fig.  1  gives  them  as  drawn  Graphical 

with  the  free  hand.     As  the  zero  of  energy  is  quite  arbitrary, 

the  origin  for  the  energy  curve  is  displaced  downwards,  and 

this    prevents    the   two    curves   from    crossing   one  another  in 

a   confusing  manner.     The   same  remark   applies  also  to   figs. 

2  and  3. 

Fig.  1  is  eiToneous  principally  in  that  the  curve  of  rigidity 
ought  to  approach  its  horizontal  asymptote  much  more  rapidly', 
so  that  it  would  be  difficult  in  a  drawing  to  scale  to  distinguish 
the  points  of  intersection  £  and  D. 

Fig.  2  exhibits  the  same  curves,  but  drawn  to  scale,  and 
designed  to  be  applicable  to  the  case  of  the  earth  and  moon, 
that  is  to  say,  when  h=  i  nearly. 


AXIS    OF 
ORBITAL    MOMENTUM^ 


Fig.  3. 

Fig.  3  shows  the  curves  when  ^=1,  and  when  the  line  of 
momentum  does  not  intersect  the  curve  of  rigidity ;  and  here 
there  is  no  maximum  or  minimum  in  the  curve  of  energy. 

These  figures  exhibit  all  the  possible  methods  in  which  the 
bodies  may  move  with  given  moment  of  momentum,  and  they 
differ  in  the  fact  that  in  figs.  1  and  2  the  quartic  (5)  has 
real  roots,  but  in  the  case  of  fig.  3  this  is  not  so.  Every  point 
of  the  line  of  momentum  gives  by  its  abscissa  and  ordinate 
the  square  root  of  the  satellite's  distance  and  the  rotation  of 
VOL.  II.  33 
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the  planet,  and  the  ordinate  of  the  energy  curve  gives  the 
energy  corresponding  to  each  distance  of  tlie  satellite. 

Parts  of  these  figures  have  no  physical  meaning,  for  it  is 
impossible  for  the  satellite  to  move  round  the  planet  at  a 
distance  which  is  less  than  the  sura  of  the  radii  of  the  ]>lauet 
and  satellite.  Accordingly  in  fig.  1  a  stri|)  is  marked  off  and 
shaded  on  each  side  of  the  vertical  axis,  within  which  the  figure 
has  no  physical  meaning. 

Since  the  moon's  diameter  is  about  2,200  miles,  and  the 
earth's  about  8,000,  therefore  the  moon's  distance  cannot  be 
less  than  5,100  miles;  and  in  fig.  2,  which  is  intended  to  apply 
to  the  earth  and  moon  and  is  drawn  to  scale,  the  base  of  the 
ship  is  only  shaded,  so  as  not  to  render  the  figure  confuocd. 

The  point  P  in  fig.  2  indicates  the  present  configuration  of 
the  earth  and  moon. 

The  curve  of  rigidity  x'y  =  1  is  the  same  fi»r  all  values  of 
Ji,  and  by  moving  the  line  of  momentum  pai-allel  to  itself  nearer 
or  further  from  the  origin,  we  may  repre-seut  all  possible 
nininents  of  momentum  of  the  whole  system. 

The  smallest  amount  of  moment  of  momentum  with  which  it 
is  possible  to  set  the  system  moving  as  a  rigid  body,  with  cen- 
trifugal force  enough  to  balance  the  mutual  attntction  is  when 
the  line  of  momentum  touches  the  curve  of  rigidity.  The  con- 
dition for  this  is  clearly  that  the  equation  a;*-/tx*  +  l=0 
should  have  equal  roots.  If  it  has  equal  roots,  each  root  must 
be  f /t,  and  therefore 

whence  /**  =  4V3'  or  h  =  4/3^  =  1-75. 

The  actual  value  of  h  for  the  moon  and  earth  is  about  4,  and 
hence  if  the  moon-earth  system  were  stjirt<?d  with  less  than  ^  of 
its  actual  moment  of  momentum,  it  would  not  be  possible  for 
the  two  bodies  to  move  so  that  the  earth  should  always  show 
the  same  face  to  the  moon. 

Again  if  we  travel  along  the  line  of  momentum  there  mu.st  be 
some  point  for  which  yx'  is  a  nia.ximum,  and  since  ya:*  =  n/0 
there  must  be  bome  point  for  which  the  number  of  planetary 
rotations  is  greatest  during  one  revolution  of  the  satellite,  or 
ehortly  there  must  be  some  configuration  for  which  there  is  a 
ma.ximum  number  of  davs  in  the  month. 
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Now  yx^  is  equal  to  x^(h  —  x).  and  this  is  a  maximum  when  Maximum 

^     1  •         1  1      •     number  of 

x  =  ^h   and  the  maximum   number  of   days   in  the    month    is  da.vs  in  the 
(|/t)^  (A  -  f /i)  or  S^h*/i* ;  if  A  is  equal  to  4,  as  is  nearly  the  case 
for  the  earth  and  moon,  this  becomes  27. 

Hence  it  follows  that  we  now  have  very  nearly  the  maximum 
number  of  days  in  the  month.  A  more  accurate  investigation 
in  my  paper  on  the  "Precession  of  a  Viscous  Spheroid,"  showed 
that  taking  account  of  solar  tidal  friction  and  of  the  obliquity 
to  the  ecliptic  the  maximum  number  of  days  is  about  29,  and 
that  we  have  already  passed  through  the  phase  of  maximum. 

We  will  now  consider  tlie  physical  meaning  of  the  several 
parts  of  the  figures. 

It  will  be  supposed  that  the  resultant  moment  of  momentum 
of  the  whole  system  corresponds  to  a  clockwise  rotation. 

Now  imagine  two  points  with  the  same  abscissa,  one  on  the 
momentum  line  and  the  other  on  the  energy  curve,  and  suppose 
the  one  on  the  energy  curve  to  guide  that  on  the  momentum  line. 

Then  since  we  are  supposing  frictional  tides  to  be  raised  on 
the  planet,  therefore  the  energy  must  degrade,  and  however  the 
two  points  are  set  initially,  the  point  on  the  energy  curve  must 
always  slide  down  a  slope  carrying  with  it  the  other  point. 

Now  looking  at  fig.  1  or  2,  we  see  that  there  are  four  slopes  various 
in  the  energy  curve,  two  running  down  to  the  planet,  and  two  degi-adaticrs 
others  which  run  down  to  the  minimum.      In  fig.  3  on  the  other  ?o  kdti'ai 
hand  there  are  only  two  slopes,  both  of  which  run  down  to  the  stances' 
planet. 

In  the  first  case  there  are  four  ways  in  which  the  system  may 
degrade,  according  to  the  way  it  was  started;  in  the  second  only 
two  ways. 

i.  Then  in  fig.  1,  for  all  points  of  the  line  of  momentum 
from  0  through  E  to  infinity,  x  is  negative  and  3/  is  positive; 
therefore  this  indicates  an  anti-clockwise  revolution  of  tlie  satel- 
lite, and  a  clockwise  rotation  of  the  planet,  but  the  moment  of 
momentum  of  planetary  rotation  is  greater  than  that  of  the  orbital 
motion.  The  corresponding  part  of  the  curve  of  energy  slopes 
uniformly  down,  hence  however  the  system  be  started,  for  this 
part  of  the  line  of  momentum,  the  satellite  must  approach  the 
planet,  and  will  fall  into  it  when  its  distance  is  given  by  the 
point  k. 


00 — w 


516 


APPENDIX   G. 


[G.  h. 


Various 

modes  of 

degradation 

nccording 

to  initial 

circum- 

.itances. 


Case  of 

Martian 

Satellite. 


General 
case  for 
satellites 
of  solar 
system. 


ii.  For  all  points  of  the  line  of  momentum  from  D  throuarli 
F  to  infinity,  o:  is  positive  and  y  is  negative  ;  therefore  the 
motion  of  the  satellite  is  clockwise,  and  that  of  the  planetary 
rotation  anticlockwise,  but  the  moment  of  momentum  of  the 
orbital  motion  is  greater  than  that  of  the  planetary  rotation. 
The  corresponding  part  of  the  energy  curve  slopes  dovt-n  to  the 
minimum  h.  Hence  the  satellite  must  approach  the  planet  until 
it  reaches  a  certain  distance  where  the  two  will  move  round  as  a 
rigid  body.  It  will  be  noticed  that  as  the  system  passes  through 
the  configuration  corresponding  toD,  the  planetary  rotation  is  zero, 
and  from  D  to  B  the  rotation  of  the  planet  becomes  clockwise. 

If  the  total  moment  of  momentum  had  been  as  shown  in  fig. 
3,  then  the  satellite  would  have  fallen  into  the  planet,  because 
the  energy  curve  would  have  no  minimum. 

From  i  and  ii  we  learn  that  if  the  planet  and  satellite  are  set 
in  motion  with  opposite  rotations,  the  satellite  will  fall  into  the 
planet,  if  the  moment  of  momentum  of  orbital  motion  be  less 
than  or  equal  to  or  only  greater  by  a  certain  critical  amount 
(viz,  4/3^,  in  our  special  units),  than  the  moment  of  momentum 
of  planetary  rotation,  but  if  it  be  greater  by  more  than  a  certain 
critical  amount  the  satellite  will  approach  the  planet,  the  rotation 
of  the  planet  will  stop  and  reverse,  and  finally  the  system  will 
come  to  equilibrium  when  the  two  bodies  move  round  as  a  rigid 
body,  with  a  long  periodic  time. 

iii.  We  now  come  to  the  part  of  the  figure  between  C  and 
D,  For  the  parts  AC  and  BD  of  the  line  AB  in  tig.  1,  the 
planetary  rotation  is  slower  than  that  of  the  satellite's  revolu- 
tion, or  the  month  is  shorter  than  day,  as  in  one  of  the  satellites 
of  Mars.  In  fig.  3  these  parts  together  embrace  the  whole.  In  all 
cases  the  satellite  approaches  the  planet.  In  the  case  of  fig.  3, 
the  satellite  must  ultimately  fall  into  the  planet;  in  the  case 
of  fiL's.  1  and  2  the  satellite  will  fall  in  if  its  distance  from  the 
planet  is  small,  or  move  round  along  with  the  planet  as  a  rigid 
body  if  its  distance  be  large. 

For  the  part  of  the  line  of  momentum  AB,  the  month  is 
longer  than  the  day,  and  this  is  the  case  of  all  known  satellites 
except  the  nearer  one  of  ^lars.  As  this  part  of  the  line  is  non- 
existent in  tig.  3,  we  see  that  the  case  of  all  existing  satelliU-s 
(except  the  Martian  one)  is  comprised  within  this  jjart  of  tigs.  1 
and  2,     Now  if  a  s.ilellite  bo  placed  in  the  condition  A,  that  is 
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to  say,  moving  rapidly  round  a  planet,  whicli  always  shows  the 
same  face  to  the  satellite,  the  condition  is  clearly  dynamically 
unstable,  for  the  least  disturbance  will  determine  whether  the 
system  shall  degrade  down  the  slopes  ac  or  ah,  that  is  to  say, 
whether  it  falls  into  or  recedes  from  the  planet.  If  the  equili-  Compare 
brium  breaks  down  by  the  satellite  receding,  the  recession  will 
go  on  until  the  system  has  reached  the  state  corresponding  to  B. 

The  point  P,  in  fig.  2,  shows  appi'oximately  the  present  state 
of  the  earth  and  moon,  viz.,  when  sc=  3  2,  y  =  'S*. 

It  is  clear  that,  if  the  point  7,  which  indicates  that  the  satel-  Suggested 
lite  is  just  touching  the  planet,  be  identical  with  the  point  A,  the  moon, 
then  the  two  bodies  are  in  effect  parts  of  a  single  body  in  an 
unstable  configuration.  If,  therefore,  the  moon  was  originally 
part  of  the  earth,  we  should  expect  to  find  A  and  I  identical. 
The  figure  2,  which  is  drawn  to  represent  the  earth  and  moon, 
shows  that  there  is  so  close  an  approach  between  the  edge  of  the 
shaded  band  and  the  intersection  of  the  line  of  momentum  and 
curve  of  rigidity,  that  it  would  be  scarcely  possible  to  distinguish 
them  on  the  figure.  Hence,  there  seems  a  considerable  proba- 
bility that  the  two  bodies  once  formed  parts  of  a  single  one,  Compare 
which  broke  up  in  consequence  of  some  kind  of  instability. 
This  Adew  is  confirmed  by  the  more  detailed  consideration  of  the 
case  in  the  paper  on  the  "Precession  of  a  Viscous  Spheroid," 
and  subsequent  papers,  which  have  appeared  in  the  Philoso- 
phical Transactions  of  the  Royal  Society. 

The  remainder  of  the  paper,  of  which  this  Appendix  forms  Double-star 

11  c     \     system. 

a  part,   is  occupied  with  a  similar  graphical  treatment  oi  the 

problem  involved  in  the  case  of  a  planet  and  satellite  or  a  system 

of   two  stars,  each   raising  frictional  tides   in   the   other,   and 

revolving  round  one  another  orbitally.    ,This  problem  involves 

the  construction  of  a  surface  of  energy. 

•  The  proper  values  for  the  present  configuration  of  the  earth  and  moon  are 
x  =  3-4,  y--l-  Figure  (2)  was  drawn  for  the  paper  as  origmally  presented  to 
the  Eoyal  Society,  and  is  now  merely  reproduced. 
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Acceleration,  defined,  i.  28 

measure  of,  when  uniform,  i.  28 
measure  of,  when  variable,  i.  29 
average,  i.  29 

analytical  expressions  for,  i.  29,  31 
composition  and  resolution  of,  i.  30,  31 
examples  of,  i.  35,  36 
angular,  defined,  i.  42 
angular,   analytical  expressions    for, 
I.  42 
Action,  defined,  i.  326 

principle  of  least,  i.  327;  Lagrange's 

equations  derived  from,  i.  327 
principle  of  stationary,  i.  328 
principle  of  varying,  i.  330 ;  examples 

of,  I.  333—336 
differential  equation  satisfied  by  the, 
I.  330 ;  equations  of  motion  derived 
from,  I.  330 
surfaces  of  equal,  i.  332 
Activity,  i.  263 

Anchor-ring,  motion  en  an,  i.  351,  355,  366 
Angles,  measurement  of,  i.  404 

solid,  II.  463—470 
Area,  projection  of  plane  or  curved,  i.  233 

conservation  of  (see  Momentum) 
Atoms,  size  of,  ii.  (F) 
Attraction,  universal  law  of,  ii.  458 

integral  of  normal,  over  a  closed  sur- 
face, II.  492,  403 
variation    of,   in  crossing  attracting 

surface,  ii.  478 
of  a  uniform  spherical  shell  on  an  in- 
ternal particle,  ii.  462,  477;  on  an 
external  particle,   ii.  471.  477:  on 
an  element  of  the  shell,  ii.  472. 


Attraction  of  a  spherical  surface  with  den- 
sity varying  inversely  as  the  cube 
of  the  distance  from  a  given  point, 
II.  474—476 

of  a  sphere  whose  density  varies 
inversely  as  the  fifth  power  of  the 
distance  from  a  point,  ii.  518 

of  a  sphere  composed  of  concentric 
shells  of  uniform  density,  ii.  480, 
491  (d) 

of  a  uniform  circular  disc  on  a  par- 
ticle in  its  axis,  ii.  477,  517 

of  a  cylinder  on  a  particle  in  its  axis, 
II.  477 

of  a  right  cone  on  a  particle  at  its 
vertex,  ii.  477 

of  a  uniform  circular  arc,  ii.  481 

of  a  straight  line,  ii.  481 

of  a  uniform  hemisphere  on  a  particle 
at  its  edge,  ii.  478 

of  matter  arranged  in  infinite  parallel 
planes  of  uniform  density,  ii.  491 

of  coaxal  cylinders  of  uniform  density 
to  infinite  lengths,  ii.  491  (e) 

of  a  homogeneous  ellipsoid,  ir.  494  (J) 
— (o);  II.  519—532 

of  a  shell  bounded  by  similar  con- 
centric and  similarly  situated  ellip- 
soids, II.  519 — 521,  523 

of  an  infinite  homogeneous  elliptic 
cylinder,  ii.  494  (p)  (q) 

of  a  heterogeneous  ellipsoid,  ii.  527 

of  a  particle  on  a  distant  body,  ii. 
540,  541 

inverse  problem  of,  ii.  494  (a) — (/) 


520 


INDEX. 


Balance,  i.  430,  431;  ii.  572 

torsion,  i.  432,  433 

bitilar,  i.  435 
Bending  of  a  bar,  plate,  <fcc. ;  see  Flexure 


Cardioid,  i.  49 
Catenary,  defined,  ii.  574 

equation  of  coramon,  ii.  580 
of  uniform  strength,  ii.  583 
Cathetometer,  i.  429 
Ceutral   axis  of  a  system   of  forces,   ii. 

659  {g) 
Centrobaric  bodies,  ii.   534;    possess  ki- 
netic symmetry  about  their  centre 
of  inertia,  ii.  535 
Clamp,  geometrical,  defined,  1. 198;  exam- 
ples of,  1.  198 
Clocks,  I.  414-417 

Compressibility,  defined,  ii.  680;  ii,  (C)  I. 
Conservative  system,  defined,  i.  271 
Constraint,  of  a  point  with  two  or  one 
degrees  of  freedom,  i.  196 
of  a  rigid  body  with  various  degrees 

of  freedom,  i.  197,  199 
of  a  rigid  body,  five  degrees  of,  i.  198 
of  a  rigid  body,  one  degree  of,  most 
general  form  of,  i.  2iX) ;  mechanical 
illustration   of,  i.  201 ;    analytical 
expression  of,  i.  201 
Gauss's  principle  of  least,  i.  293 
kiuctic,  cases  of  motion  governed  by, 
I.  319 
Continuity,  integral  equation  of,  i.  192 
differential  equation  of,  i.  193,  194 
Co-ordinates,  Eodrigues,  i.  95 

generalized,  of  a  point,  i.  202,  203 
generalized,  of  a  system,  i.  204 
generalized,  kinetic  energy  expressed 

in,  I.  313 
generalized,  equations  of  motion  in, 

1.318 
ignoration  of,  i.  310 
generalized    orthogonal    transforma- 
tion of,  I.  337  note 
Cord,  see  String. 

Couples,  defined,  i.   234;   moment  of,  i. 
234;  axis  of,  i.  234  ;  ii.  559 
composition    of,    ii.    559    (6);    with 
forces,  II.  559  {/) 
Curvature,  defined,  i.  5 
of  a  circle,  i.  6 

of  any  plane  curve,  analytical  expres- 
sions for,  I.  6 
of  any  curve,  analytical  expressions 

for,  I.  9 
integral,  of  a  curve,  i.  10,  12 
average,  of  a  curve,  i.  10,  12 
synclaslic  and  anticlastic,   of  a  sur- 
face, defined,  i.  128,  ii.  039 
line  of,  defined,  i.  130 


Curvature,   integral,   of   a   portion   of   a 
surface,  defined,  x.  130 
average,  of  a  portion  of  a  surface,  de- 
fined, 1.  136 
specific,  at  a  point  of  a  surface,  de- 
fined, I.  13G;  analytical  expression 
for,  I.  138 
Curvatura  Integra,  defined,  i.  136;  proved 
the  same  as  Integral  Curvature,  i. 
137 
Curve,  plane,  i.  7 
tortuous,  I.  7 
osculating  plane  of,  i.  8 
mechanical  tracing  of,  i.  16 
of  pursuit,  I.  40 
of  tlight,  I.  40 

representation    of    experimental    re- 
sults by  means  of  a,  i.  395—397 
Cycloid,  I.  49,  92 

properties  of,  i.  93 


D'Alembert's  principle,  i.  264 

Density,  line,  surface  and  volume,  ii.  460 

of  the  Earth,  ii.  774,  831 
Determinant,  expression  for  the  square  of, 
I.  p.  i66  A,  (k) 
minors  of  a.  i.  343  (6) 
relations  between  the  minors   of  an 

evanescent,  i.  343  (b) 
square   root   of  skew  sj-mmetric,   i. 
345  (ix) 
Diagonal  sciile,  i.  419 
Direction,  integral  change  of,  in  a  surface, 

I.  135 
Displacement,  in  one  plane,  equivalent  to 
a  rotation,  i.  79,  80,  83;  or  a  trans- 
lation, I.  81 
in    one    )>lane,   examples  of,  i.  84, 

85 
of  a  non-rigid  solid  with  one  point 
fixed,  general  analvtical  investiga- 
tion of,  I.  181,  190 ■(<•),  (/),  (i) 
tnncontiftl,   defined,   i.   186;    of  dis- 
l)laced  and  undisplaced  curve  com- 
pared,  I.   187—189  ;    of  a   closed 
curve,  due  to  rotation,  i.   190;  of 
a  closed  curve  due  to  strain,  i.  190 
(-0  -id) 
Dissipativity,  i.  345  (ii) 


Earth,  The,  as  a  time-keeper,  ii.  830 

figure  of,  as  determined  by  geodesy, 

II.  797 
rigidity  of.  ri.  832—848 
distribution  of  land  on,  ii.  848 
secular  cooling  of,  ii.  (D) 

Edge  of  regression,  i.  148 

Elastic  curve,  ii.  611,  612 

Elastic  body,  perfectly,  defined,  ii.  672 
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Elasticity,  of  volume,  ii.  680 

of  figure,  II.  G80 
Elastic  solid,  equations  of  equilibrium  of, 
II.  G97,  098;  ii.  (C) 

integration  of  equations  of  equi- 
librium of  infinite,  ii.  730 

displacements  of,  by  stress  applied  to 
an  infinitely  small  part,  ii.  731 

disi:)lacements  of,  by  stress  applied 
over  the  boundary,  ii.  732 — 734 

displacement  of,  wlien  the  strain  is 
plane,  ii.  739 

Green's  theory  of,  ii.  (C)  (.7),  (h) 

sphere,  deformation  of,  by  rotation, 
II.  837,  838 

Bpherical  shell,  equilibrium  of,  under 
surface  tractions,  11.  735 — 737 
Ellipticity  of  strata  of  equal  density  within 
the  earth  resulting  from  Laplace's 
law,  IX.  824,  824' 
Energy,  kinetic,  defined,  i.  213 

kinetic,  rate  of  change  of,  i.  214 ; 
analytical  expression  for,  i.  280 

potential,  defined  and  explained,  i. 
241,  273,  274 

conservation  of,  i.  269 — 278 

apparent  loss  of,  i.  275 — 277 

equation  of,  i.  293,  318 

kinetic  and  potential,  expressed  as 
functions  of  the  time  in  the  case  of 
small  motions,  i.  337 

potential,  exhaustion  of,  11.  547 — 549 
Eolotropy,  II.  676 — 678 
Epicycloid,  i.  49,  94 

Equilibrant,  of  a  system  of  forces,  11.  558 
Equilibrium,  neutral,  stable  and  unstable, 
examples  of,  i.  291 

of  a  particle,  11.  455,  456 

of  three  forces,  11.  564 

of  forces  proportional  and  perpen- 
dicular to  the  sides  of  a  polygon 
at  their  middle  points,  or  the  faces 
of  a  polyhedron  at  then  centres  of 
inertia,  11.  559  (e) 

of  a  free  rigid  body,  11.  551 — 553 

of  a  constrained  rigid  body,  11.  554 — 
557 

of  a  body  moveable  about  an  axis,  11. 
567 

of  a  body  resting  on  a  fixed  surface, 
II.  568 

of  a  body  capable  of  a  single  screw 
motion,  11.  550 

simple  examples  of,  11.  572 

of  a  rioating  body,  stability  of,  11.  763 
—768 

of  a  rotating  gravitational  fluid  ellip- 
soid of  equilibrium,  11.  770 — 773, 
775—777,  778' 

of  a  rotating  gravitational  fluid  ellip- 
soid with  three  unequal  axes,  11.  778 


Equilibrium  of  a  rotating  fluid  mass  gene- 
rally, II.  778' 
of  a  rotating   heterogeneous    liquid 
spheroid,  enclosing  a  rigid  spherical 
nucleus  and  subjected  to   disturb- 
ance, II.  822—824 
of  rotating  spheroid  of  two   incom- 
pressible non-mixing  fluids,  11.  831 
energy  criterion  for,  i.  289,  290,  292 
slightly  disturbed,  apphcation  of  the 

Lagrange  equation  to,  i.  337 
general  solution  of  any  case  of  slightly 
disturbed,  i.  343  (/)— (p) 
Equipotential  surfaces,  defined,  11.  491  (y) 
of  homogeneous  harmonic  spheroids, 

II.  789,  790 
fo.-  approximately  spherical  mass  due 
to  gravitation    and  rotation   con- 
jointly, II.  794 
of  rotating  fluid  covering  a  spherical 

nucleus,  n.  800—802 
of    fluid  covering  a   fixed  spherical 
nucleus,  and  disturbed  by  the  attrac- 
tion of  a  distant  body,  11.  803 
Ergometer,  i.  436,  437 
Error,  law  of,  i.  391 

probable,  i.  392,  393 
Errors,  theory  of,  i.  387—394 
Euler's  Th-orem,  130 
Evolute,  I.  17—19 
Experiment,  remarks  on,  i.  373 — 382 

Flexure,  of  a  bar,  11.  711 — 718 
of  a  plate,  11.  719—729 
of   a  plate  bounded  by  an   infinite 

plane  edge,  11.  728 
Fluid,  perfect,  defined,  i.  320;  11.  742 

cases  of  motion  in  a  perfect,  i.  320 — 

325 
equations  of  equilibrium  of  a  perfect, 

II.  753 
equilibrium  of,  in  a  closed  vessel,  11. 

754,  755 
equilibrium  of,  under  non-conserva- 
tive forces,  II.  757 — 759 
equilibrium  of,  possibility  of.  under 

given  forces,  11.  755,  756 
density  of,  in  terms  of  potential  of 

applied  forces,  11.  760 
impulsive  generation  of  motion  in  an 

incompressible,  i.  312,  317 
Fluxions,  I.  24,  203 
Foci,  kinetic,  i.  357 — 364 
Force,  measure  of,  i.  220,  413 
specification  of,  i.  218 
accelerative  effect  of,  i.  219 
measurement  of,  i.  258 
unit  of,  I.  221 

Gauss's  absolute  unit  of,  i.  223 
British  absolute  unit  of,  i.  225 
ideal  units  of,  i.  223 
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Force,  comparison  of  absolute  and  gravi- 
tational measures  of,  i.  2'2(i 

effective  component  of,  i.  228 

moment  of,  i.  232 

time-integral  of,  i.  297 

line   of,    defined   and  illustrated,  ii. 
489,  490 
Forces,  composition  of,  i.  255 

parallel,  composition  of,  ii.  5G1,  563 

parallelogram  and  polygon  of,  i.  256 

system  of,  reduced  to  two,  ii.  560 

system  of,  reduced  to  a  force  and  a 
couple,  II.  559  (c) 
Freedom,    degrees  of,   i.    195 — 201 ;    {xee 

Constraint) 
Friction,  laws  of,  between  solids,  ii.  450 
—452 

laws  of  fluid,  I.  340 
Function,  simple  harmonic,  i.  54 

complex  harmonic,  i.  75,  76 ;  repre- 
sentation of  the  results  of  experi- 
ment by  means  of  a,  i.  398' 

plane  harmonic,  ii.  789 

displacement,  i.  190  (A) 

spherical  harmonic,  i.  p.  171  B.  (see 
Spherical  hannonics) 

Laplace's,  i.  p.  208  B.  (e')  {see  Sphe- 
rical harmonics) 

Hamilton's  characteristic,  1.  331  ; 
complete  solution  derived  from  a 
knowledge  of,  i.  331 

cyclic,  II.  755,  note 


Geodetic  line  defined,  1.  132 

trigonometry   on    a   surface   of  uni- 
form specific  curvature,  i.  153 
Gravity,  Clairaut's  formula  for,  in  terms 
of  the  latitude,  i.  222 
centre  of,  defined,  11.  534 ;  u.  562 
lunar  and  solar  influence  on  apparent, 

II.  812 
experimental   investigation  of  lunar 
disturbance  of,  11.  818' 
Green's  problem,  11.  499 — 506 
examples  of,  11.  607 — 509 
Gauss's  method  of  treating,  11.  550 
(iyration,  radius  of,  i.  281 


Harmonic  motion,  definition  of,  i.  53 
amplitude  of,  i.  54 
argument  of,  i.  54 
epoch  of,  I.  54 
period  of,  i.  54 
phase  of,  i.  54 
practical  examples  of,  i.  65 
velocity  in,  i.  56 
acceleration  in,  i.  57 
composition  of,  in  one  line,  i.  58,  59 ; 
examples,  t.  60,  61 


Harmonic  motions,  mechanical  composi- 
tion of,  in  one  line,  i.  62 
graphical  representation  of,  i.  62,  69, 

72,  74 
composition  of,  in  different  lines,  i. 
63—73 
Harmonic,  spheroid,  defined,  11.  779 

nodal  cone,  defined,  11.  779  ;  proper- 
ties of,  II,  780 
spherical  (see  Spherical  harmonics) 
Heat,  specific,  defined,  11.  (E)  1  note 
Hodograpli,  definition  of,  i.  37 
elementary  properties  of,  i,  37 
for  the  undisturbed  motion  of  a  planet 

is  a  circle,  i.  38 
physical  applications  of,  i.  39 
Homogeneousness,  defined,  11.  675 
Hooke's  joint,  i.  109 
Horograph,  defined,  i.  136 

exercises  on,  i.  137 
Horse-power,  i.  268 
Hypocycloid,  i.  91,  94 
Hypotheses,  use  of,  i.  383 — 386 


Images,  electric,  11.  510 — 518 
Impact,  I.  294—296 

of  spheres,  direct,  i.  3«X> — 302 

loss  of  energy  in,  i.  301 

distributionof  energy  after,  i,302 — 306 

moment  of,  i.  307 

work  done  by,  i.  30.8 

of  a  smooth  rigid   plane   on  a  free 
rifjid  body  at  rest,  i.  317 
Indicatrix,  i.  1.30 
Inertia,  i.  216 

centre  of,  defined,  i.  230 ;  and  found. 

I.  230 
moment  of,  i.  281 

principal    axes    of,   defined,   1.    282; 
found  analytically,  i.  283 
Interpolation,  i.  .398 
Inversion,  11.  513 — 516 
Involute,  I.  17—19 
Isotrophy,  11.  676—679 

Laplaoe's  law  of  density  of  the  earth's 
ptrata,  11.  821;  applied  to  determine 
the  constant  of  precession,  11.  827, 
828;    compressibility  involved    in, 

II.  829 

Laplace's  differential  equation  for  the 
potential,  etc.,  with  Poisson's  ex- 
tension, II.  491  (6)  (c) 
expressed  in  generalizad  co-ordinates 
by  physical  considerations,  i.  A^ 
p.  160  (a) — (e) 
expressed  in  generalized  co-ordinates 
by  algebraical  transformation,  i. 
p.  166  Ao  (j) — (m) 
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Laplace's  equation  expressed  in  generalized 
rectangular  co-ordinates,  i.  p.  164 
Aq  (/)  ;  in  polar  co-ordinates,  i. 
p.  164  Ao(5);  in  columnar  co-ordi- 
nates, I.   p.    165  Aq  {/() 

solution  proved  possible  and  unique 

when  the  function  is  given  in  value 

at  every  point  of  a  given  surface, 

I.  p.  169  A  (b) — (e) 

Latitude,  effect  of  hill,  cavity,  or  crevasse 

on.  II.  478,  479 
Length,  measures  of,  i.  407 — 409 
Level  surface,  see  Equipotential  surface 
Machine,  Tide-predicting,  i.  B'  i. 

for  solving  simultaneous  linear  equa- 
tions, I.  B'  II. 

for  calculating  the  integral  of  a  given 
function,  i.  B'  iii. 

for  calculating  the  integral  of  the 
product  of  two  given  functions,  i. 
B'  IV. 

for  solving  the  general  linear  differ- 
ential equation  of  the  second  order, 
I.  B'  V. 

for  solving  any  linear  differential  equa- 
tion, I,  B'  VI. 

for  calculating  the  harmonic  com- 
ponents of  a  periodic  function,  i.  B 

TII. 

Magnetometer,  bifilar,  i.  433 
Mass,  connexion    of,    with    volume    and 
density,  i.  208 

unit  of,  I.  209 

measurement  of,  i.  258,  412 

gravitational  unit  of,  11.  4,Vj 

negative,  11.  461 
Meunier's  Theorem,  129 
Metacentre,  11.  768 
Minimum  Kinetic  Energy,  299 
Moment,  virtual,  i.  237 
M omental  ellipsoid,  i.  282 
Momentum,  defiueJ,  i.  210 

change  of,  i.  211 

rate  of  change  of,  i.  212 

conservation  of,  i.  207 

moment  of,  i.  235 

moment  of,  composition  and  resolution 
of,  I.  235,  236 

moment  of,  conservation  of,  i.  267 

generalized  exprcr  siou  for  components 
of,  I.  313 
Motion,  direction  of.  i.  4 

rate  of  change  of  direction  cf,  i.  5 

quantity  of  {see  Momentum) 

resultaut,  1.  50 

resultant,  mechanical  arrangement 
for,  I.  51 

relative,  i.  45 

relative,  examples  of,  i.  47,  48,  49 

Newton's  Laws  of,  i.  244—209 

superposition  of  small,  1.  89 


Motion,  Harmonic  {sec  Harmonic  Motion) 

of  a  rigid  body  about  a  fixed  point,  i. 
95,  100,  101 

general,  of  a  rigid  body,  i.  102,  103 

general,  of  one  rigid  body  on  another, 
I.  110 

of  translation  and  rotation,  independ- 
ence of,  I.  266 

equations  of,  formation  of,  i.  293 

equations  of  impulsive,  i.  310 

general  indetei-minate  equation  of,  r. 
293 

equations  of,  Lagrange's  generalized 
form  of,  I.  318;  examples  of,  i.  319 

equations  of,  Hamilton's  form,  i.  318, 
319 

Hamilton's  characteristic  equation  of, 
I.  330 

complete  solution  of  a  complex  cy- 
cloidal,  1. 343  {a)—{e);  i.  345  (i)— (v) 

infinitely  small,  of  a  dissipative  sys- 
tem, I.  342 

ideal,  of  an  accumulative  system,  i. 
344,  345 

of  a  gyrostatic  conservative  system, 
I.  345  (vi) — (ix);  with  two  degrees 
of  freedom,  i.  345  (x);  with  three 
degrees  of  freedom,  i.  345  (xi) ; 
with  four  degrees  of  freedom,  i.  345 
(sii) — (xxi);  with  any  number  of 
freedoms,  i.  345  (xxii) — (xxviii) 

disturbed,  general  investigation  of,  i. 
356 

equations  of,  of  a  single  particle  in 
polar  co-ordinates,  i.  319 

equations  of,  of  a  single  particle  re- 
ferred to  moving  axes.  i.  319 

of  a  sphere  in  an  incompressible  fiuii 
bounded  by  an  infinite  plane,  i.  320, 
321 

of  a  solid  of  revolution  with  its  axis 
parallel  to  a  plane  through  an  un- 
bounded fluid,  I.  320—325 

of  solids  in  fluids,  practical  observa- 
tions on,  I.  325 


Normal  modes  of  vibration,  or  of  falling 
away  from  a  position  of  unstable 
equilibrium,  i.  338  ;  case  of  equality 
between  the  periods  of  two  or  more 
modes,  i.  339 


Ocean,  stability  of  the,  11.  816 
Optics,  application  of  varying  action  to  a 
question  of  geometrical,  i,  33-3 


Pendulum,  i.  434 

ballistic,  i.  208,  3^7 
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Pendulum,  motion  of  a  jointed,  i.  319 

motion  of  a  gyroscopic,  i.  319 

quadrantal,  i.  322 
Physical  problems,  approximate  treatment 

of,  II.  438 — 447 
Planets,  distribution  of  density  in,  ii.  824 
Plate,  stretching  of,  by  flexure,  n.  629 — 
631 

laws  of  flexure  of,  ii.  632—636 

principal  axes  of  bending  of,  ii.  637, 
038 

potential  energy  of  a  bent,  ii.  640, 
041 

of  equal  flexibility  in  all  directions 
subjected  to  uniform  stress,  ii.  042 

equilibrium  of  infinite,  subjected  to 
anj'  forces,  ii.  643,  644 

boundary  conditions  of  a  finite,  ii. 
04.->,  648 

equilibrium  of,  under  circularly  dis- 
tributed load,  II.  649 — 651 

equilibrium  of  circular,  with  concen- 
tric circular  ai)erture,  ii.  652 — 655 

equilibrium  of  rectangular,  n.  656 

flexural  rigidities  of,  ii.  720 
Poisson's  equation   (see  Laplace's  differ- 
ential equation,  etc.) 
Potential,  defined  and  explained,  ii.  482 — 
486 

force  in  terms  of,  ii.  486,  491 

analytical  expression  for,  ii.  491  (a) 

cannot  have  a  maximum  or  minimum 
value  in  free  space,  ii.  495 

mean  of,  over  a  spherical  surface,  ii. 
496 

determination  of,  through  external 
space  from  its  value  over  a  spherical 
surface,  ii.  793 

determination  of,  from  the  form  of  a 
nearly  spherical  equipotcntial  sur- 
face, II.  793 

of  a  shell  bounded  by  similar  con- 
centric and  >iniilarly  situat<^^d  ellip- 
soids, II,  624,  525 

of  a  homogeneous  ellipsoid,  ii.  526 

of  a  heterogeneous  ellii)soid,  ii.  526 

of  an  ellipsoid  of  revolution,  u.  527 

comparison  between,  of  two  coufocal 
sht  lis  each  bounded  by  similar  and 
similarly  situated  ellipsoids,  ii.  532 

of  any  spherical  shell,  expressed  in 
spherical  harmonics,  ii.  536 — 538 

of  a  distant  body,  found  by  spherical 
harmonic  analysis,  ii.  539 

of  a  solid  sphere  with  harmonic  distri- 
bution of  density,  ii.  543,  545 

of  auy  mass,  expressed  in  harmonic 
series,  ii.  542,  544 

of  a  distribution  of  mass  symmetrical 
round  an  axis,  expressed  in  zonal 
harmonics,  ii.  546 


Potential,  of  a  circular  ring,  ii.  546 
of  a  circular  disc,  ii.  546 
of  a  circular  galvanometer  coil,  ii.  546 
of  a  solid  sphere  with  variation  from 

average  density  in  one  limited  region , 

II.  786—788,  791,  792 
for  other  masses  of  definite  form  ($ee 

Attraction) 
Precession  and  Nutation,  ii.  825 
Precession  in  connection  with  the  distribu- 
tion of  density  within  the  Earth,  ii. 

826 
constant  of,  determined  from  Laplace's 

law,  II.  827 
Pressure,  fluid,  at  a  point,  ii.  743;  proved 

equal  in  all  directions,  ii.  744,  745, 

747 
in   a  fluid  under  the   action   of  no 

external  forces  equal  in  all  direc- 
tions, II.  745,  747 
rate  of  increase  of,  in  terms  of  the 

external  force,  ii.  752,  753 
resultant  fluid,  on  a  plane  area,  ii.  701 
resultant   fluid,   on    a  body  of  any 

shape,  II.  762 
equations  of  fluid,  ii.  753 
of  the  atmosphere  at  different  heights, 

11.  753 
centre  of,  u.  746,  761 


Resilience,  ii.  691  (6)— (/) 

Resistance,  varying  as  the  velocity  in  a 

simple  motion,  i.  341 
Restitution,  coefljcient  of,  i.  300 
Resultant,  of  forces  acting  along  and  pro- 
portional to  the  sides  of  a  polygon 
is  a  couple,  ii.  559  (d) 
Rigidity,  defined,  ii.  680,  ii.  (C)  (/) 

torsional,  of  circular  cylinder,  ii.  701 
torsional,  of  various  prisms,  ii.  709 
of  the  Earth,  it.  832—840 
Rockiug  stonts,  ii.  506 
Rolling,  of  one  curve  on  another  will  give 
any  motion  of  a  plane  figure  in  its 
own  plane,  i.  90 
of  circle  on  straight  line.  i.  92 
of  cone  on  cone,  i.  99,  104,  105 ;  ex- 
amples of,  I.  106— lOH 
of  one  plane  curve  on  another  in  the 
same   plane,    i.    112;    in   different 
planes,  i.  113 
of  a  cur\-e  on  a  surface,  i.  115,  116 
of  one  rigid  body  on  another,  i.  110, 
111,  117;  analytical   investigation 
of,   when   one  or  both  traces  are 
given,  I.  124.  125 
Rotations,  comjwsition  of,  about  parallel 
axes,  I.  86 
composition  of  with  a  translation  in 
plane  peipendicular  to  axis,  i.  87 
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Eotations,   finite,   composition  of,   i.  97, 
08 


Screw,  for  measurement,  i.  424,  425 

micrometer,  i.  42f5 
Secular  acceleration  of  the  Moon's  mean 

motion,  ir.  830 
Sea-level,  disturbance  of,  by  a  region  of 
density  greater    or  less   than  the 
average,  ii.  786—788,  791,  792 
figure  of,  determined  from  measure- 
ments of  gravity,  ii.  795,  796 
figure  of,  determined  from  results  of 
geodesy,  ii.  797 
Shear,  synthesis  of,  i.  169 

principal  properties  of,  i.  170 — 172 
axes  of,  173 

various  specifications  of,  i.  174 — 176 
combination  of,  with  simple  elonga- 
tion and  es^mnsion,  i.  177 
Shde,  geometrical,   defined,    i.   198;   ex- 
amples of,  I.  198 
Spherical  excess,  of  a  triangle,  i.  134  ;  of 

a  polygon,  i.  134 
Spherical  harmonics,  defined,  i.  p.  171  B 

(") 
Examples  of,  i.  p.  171  B  («) 
*  partial,  i.  p.  176  B  (c) 

differential  equations  satisfied  bv,  i. 

V.i78B(e)(g) 
surface  integral  of  product  of  two  or 

parts  of  two,  i,  pp.  178,  205  To{(j) 

{k)  {z) 
when  complete  are  rational  integral 

functions  of  x,y,z;  or  can  be  made 

so   by   a    factor  r'",   i.   p.    181  B 

{h) 
general  expressions  for,   when  com- 
plete, obtained  by  differentiation,  i. 

p.  i62B(j) 
general  expressions  for,  obtained  by 

solution   of  Laplace's  equation,  i. 

p.  207  B  (c) — (ill);  examples,  i.  p. 

2isB  {m)-(s-) 
algebraical    transformations    of    the 

general  expressions,  i.  p.  189  B  (I) 
degrees   of,    for   solution  of   special 

problems,  i.  p.  196  B  (m) — (0) 
vanishing  of,  i.  p.  198  B  [p) 
expansion  of  an  arbitrary  function  in 

terms  of,  I.  p.  198  B  (;•) — (t),  (a) 
biaxal,  defined,  i.  p.  201  B(«);   ^^- 

pressions  for,  i.  p.  202  B  (r) — (y); 

n.  782 
tesseral,  i.  p.  189  B  (/) ;  11.  782 
sectorial,  11.  781 
degradation   of,  when  the  spherical 

surface  becomes  plane,  ir.  7S3 
Spherometer,  i.  427,  42S 
Spii-al  springs,  11.  604 — 608 


Squares,  transformation  of  two  quadratic 
functions  to  sums  of,  i.  337  note 
method  of  least,  i.  394 
Stability,  energy  criterion  of,  i.  292 

kinetic,  i.  346,  347;  examples  of,  i. 
348—354 

kinetic,   of  a  particle  in  a   circular 
orbit,  I.  350 

kinetic,  of  a  particle  moving  on  a 
smooth  surface,  i.  351 — 353 

kinetic,  of  a  projectile,  i.  354 

kinetic,  general  criterion  of,  i.  355, 
358—361 
Strain,  homogeneous,  defined,  i.  155 

principal  properties  of,  i.  156 — 159 

ellipsoid,  I.  160—163;  168 

axes  of,  I.  163 

change  of  length  and  direction  of  a 
line  in,  i.  164 

change  of  orientation  of  a  plane  in,  i. 
165 

planes  of  no  distortion  in,  i.  167 

analysis  of,  i.  177—179,  182 

pure   homogeneous,    analytical  con- 
ditions for,  I.  183 

composition  of,  i.  184,  185 

specification  of,  by  six  elements,  11. 
(C)  (a) 

produced   by    a    single  longitudinal 
stress,  II.  682,  683 

components  of,   in  terms  of   stress- 
components,  II.  673,  694 

potential   energy   of  elastic  body  i:i 
terms  of,  11.  695;  lu  (C)  {d) 

plane,  11.  738 
Stress,  defined,  11.  653 

homogeneous,  11.  659 

specification  of,  11.  660,  662,  669 

average,  11.  674 

shearing,  11.  662 

composition  of,  667 

quadric,  11.  6lJ.>,  665,  666 

principal  axes  of,  11.  664 

potential  energy  of,  11.  670,  671,  673, 
695 

analogies  of  strain  with,  11.  668 

components  of,  in  terms   of  strain - 
components,  n.  673,  693,  11.  (C)  / 

requii-ed    for    a    single    longitudinal 
strain,  11.  692 

due  to  the  gravitation  of  an  approxi- 
mately spherical  mass,  11.  832' 

-difference,  11.  832' 
String,  general  equations  of  equilibrium 
of,  II.  576—579 

kinetic  analogue  to  equilibrium  of,  11. 
581 ;  examples  on,  11.  582 

on  smooth  surface,  equihbrium  of,  11. 
584 

on  rough  surface,  equilibrium  of,  11. 
585 — 587 
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String,  impulsive  generation   of  motion 

in,  I.  317 
St  Tenant's  torsion  problems,  ii.  C99 — 710 
Sun,  The,  secular  cooling  of,  ii.  (E)  i 
present  temperature  of,  ii.  (E)  ii 
origin   and  amount  of  heat   of,   ii. 
(E)  in 
Surface,  flexible  and  inextensible,    prac- 
tical approximations   to,    l  139 — 
143 ;  general  property  of,  i.  150 
developable,  defined,  i.  13'J ;  practical 

construction  of,  i.  149 
measure  of,  i.  410 
equipotential,  defined,  ii.  487,  491  (/;) ; 

(see  Equipotential  surfaces) 
of  equal  pressure,  properties  of,  ii.  749, 
750 
Symmetry,  kinetic,  i.  285 


Theorem,  Bertrand's,on  the  kinetic  energy 
of  a  system  moving  from  rest  under 
given  impulses,  i.  311,  314,  315 

Binet's,  on  the  principal  axes  at  any 
point  of  a  body,  i.  283,  284 

Cavendish's,  ii.  533 

Clairaut's,  ii.  795 

Euler's,  on  curvature  of  surfaces,  i. 
130 

Fourier's,  i.  75—77 

Gauss's,  on  the  potential,  ii.  497 

Green's,  extended  form  of,  i.  p.  167 
A  (a) 

Guldinus'  or  Pappus',  11.  5G7 

Ivory's,  II.  530,  531 

Liouville's,  kinetic,  i.  368 

Maclaurin's,  on  attraction  of  homo- 
geneous focaloid,  II.  494  (t),  522 

Meunier's,  1.  129 

Stokes's,  on  the  transformation  of  an 
integral  over  a  bounded  surface  into 
one  round  the  boundary,  i.  190  (j) 

Thomson's,  on  the  kinetic  energy  of 
a  system  moving  from  rest  with 
given  velocities,  i.  312,  310,  317 

of  niaxinnim  action,  i.  304 
Tidal  friction,  effect  of,  on  Earth's  rota- 
tion, 1.  27G;  II.  830,  n.  (G)  {a) 

Fecular  effects   of,  determined  by  a 
grai)hieal  metliod,  11.  (G)  {h) 
Tides,  equilibrium  theory  of  the,  11.  804 
—811 

thtor>'  of  tlio,  takinc  the  Earth's 
rotation  into  account,  11.  813,  814 

augmentation  of,  due  to  the  mutual 
gravitation  of  the  disturbed  waters, 
II.  815,  817;  819—821 

inauenceof,on  the  direction  of  gravity, 
II.  818 

in  an  elastic  solid  sphere,  11.  833 — 
841 


Tides,  effects   of  elastic  yielding   in  the 
Earth  on  the,  11.  842,  846 
of  long  i>eriod,  11.  848 
Time,  foundation  of  our  measure  of,  i. 

247,  405,  406 
Torsion,  of  prism  or  cylinder  by  a  simple 
twist,  general  solution  of,  i.  700, 
702,   703,   706;  hydrokinetic  ana- 
logue of,  II.  704,  705 
of  elliptic  cylinder,  11.  707,  708 
of  equilateral  prism,  11.  707.  708 
of  curvilinear  square,  11.  707,  708 
of  rectangular  prism,  11.  707 
Tortuosity,  i.  7 

analytical  expression  for,  i.  9 
Triangle,  kinetic,  difference  between  two 

sides  and  a  third  of,  i.  361 
Trochoid,  i.  49,  92 

Twist,  explanation  and  definition   of,  i. 
119,  120 
integral,  of  a  rod  in  a  plane  curve,  i. 

12J;  in  a  tortuous  curve,  i.  123 
examples  of,  i.  126 


"Velocity,  defined,  i.  20 

measure  of,  when  uniform,  i.  20 

measure  of,  when  variable,  i.  24 

average  of,  i.  23 

analytical  expressions  for,  1. 24,  25,  27 

resolution  of,  i.  25,  26 

composition  of,  i.  27 

examples  of,  i.  34 

angular,  defined,  i.  41 

angular,  measure  of,  i.  42 

angular,  moan,  i.  43 

angular,  of  a  plane,  i.  44 

angular,  composition  of,  i.  95,  06 

angular,  parallelogram  of,  i.  95 

generalized  expression  for  compo- 
nents of,  in  teims  of  momenta,  i. 
313 

recii)rocal  relation  between  compo- 
nents of  velocity  and  momentum 
in  two  motions,  i.  313 

of  sound,  etc.,  in  terms  of  modulus 
of  flasticity,  11.  691,  (<i) 

virtual,  i.  237 
Vernier,  i.  420—423 
Viscosity,  of  solids,  11.  741 

of  fluids,  II.  741 
Volume,  measure  of,  i.  411 


Wire,  defined,  11.  588 

kiuematical  representation  of  the  cur- 
vatures and  torsion  of,  11.  590 

laws  of  flexure  and  torsion  of,  11.  591 
—593 

principal  torsion-flexure  rigidities  of. 
II.  596,  715 
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Wire,  potential  energy  of  strained,  ii. 
594,  595 

equilibrium  of,  under  opposingcouples, 
II.  598—601 

equilibrium  of,  under  opposing  sys- 
tems of  forces  at  its  extremities 
when  the  principal  rigidities  against 
flexure  are  equal,  ii.  600 — 604 

equilibrium  of,  under  any  forces  and 
couples  applied  along  its  length,  ii. 
614 

infinitely  little  bent  from  straight  line, 
II.  616 

bent  by  its  own  weight,  ii.  617 — 620 

rotation  of,  round  elastic  central  line, 
II.  621—626 

Kirchhoff's  kinetic  analogue  to  the 


equilibrium   of,   ii.   609,  610;   ex- 
amples of,  II.  611,  613 
Work,  defined,  i.  238—240 

practical  unit  of,  i.  238 

scientific  unit  of,  i.  238 

rate  of  doing,  i.  268;  scientific  unit 
of,  r.  268 


Young's  modulus  of   elasticity,  ii.    680 
—691 


Zonal  haimonics,  defined,  ii.  781 
Murphy's  analysis  for,  ii.  782 
tables  and  graphical  illustrations  of, 
II.  784 
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